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Synopsis

CsPbXs (X = ClI, Br, I) perovskite nanocrystals (NCs) has emerged as unique semiconductors
with efficient optoelectronic properties, in spite of having defects. Therefore, CsPbX3s NCs
are often termed as defect tolerant NCs. The major focus of this thesis is to dope these
extraordinary NCs with optically active metal ions such as Mn?* and Yb®". These dopants
give rise to luminescence that do not suffer from problems like self-absorption, and are useful
in applications such as luminescent solar concentrators, light emitting diodes, and light
harvesting for solar cell. In this thesis, we have developed synthesis methodologies to dope
CsPbXs NCs and studied their optical properties. Importantly, lanthanide based Yb®* doping
is easily feasible in the octahedral site of Pb?* in CsPbXs perovskite NCs, unlike the other
semiconductors that offer tetrahedral coordination for lanthanides. In search of completely
replacing lead, we have also prepared TIX (X = B, 1) NCs and studied their defect tolerant
behavior.

Chapter 1: Introduction

In the introduction chapter, | have introduced briefly topics related to my thesis work along
with recent advancement in the field. Starting from bulk semiconductors to in-depth theory
behind quantum confinement effect in semiconductor NCs is given. Dominance of surface
related phenomena in NCs has been discussed. This is followed by an introduction to doping
in semiconductors from bulk to NCs. Details of luminescence related properties of Mn-doped
in 11-VI semiconductors has been discussed. Then we start discussing about CsPbXs
perovskites NCs which is the main material studied in this thesis. The recent evolution of Pb-
halide perovskites as efficient optoelectronic material and their defect tolerant behavior has
been discussed in detail. Then the challenges and opportunities of doping in CsPbXs
perovskite NCs has been discussed. Particularly, recent advancement in Mn- and Yb-doping
is thoroughly discussed. Final section is dedicated to designing analogous Pb-free metal

halide semiconductors before pointing out the scope of the present thesis.

Chapter 2: Doping Mn in Colloidal Cesium Lead Chloride Perovskite Nanoplatelets

In this chapter, we develop one pot colloidal synthesis at room temperature to dope Mn?* in
CsPbCls nanoplatelets (NPLs) with thickness ~2.3 nm exhibiting strong quantum
confinement effect. Our report is the first report of Mn-doping in CsPbXs perovskite NPLs
after two reports showed Mn-doping in CsPbCls nanocubes. But those nanocubes fall in

weaker confinement regime unlike our NPLs. Mn-doping introduces new emission channel
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around 586 nm with long lifetime of 1.3 ms. This emission is characteristic of spin-forbidden
d-d transition from “Ti— %A1 of Mn?" doped in CsPbClz NPLs. By varying Mn-
concentration, maximum photoluminescence quantum yield (PLQY) ~20% for Mn-emission
is observed for 0.8% Mn-doped CsPbCls NPLs and decreases with further increase in Mn-
content. Attempts to dope Mn through one pot-synthesis in CsPbBrs NPLs or nanocubes
remained challenging at that time. Anion exchange of Mn-doped CsPbCls NPLs to Mn-doped
CsPbBrs NPLs lead to limited success. Clearly, there was a need of novel synthesis strategy
to doped Mn in CsPbBrs NCs which is addressed in chapter 3.

Chapter 3: Postsynthesis Doping of Mn and Yb into Colloidal CsPbXs (X= ClI, Br, I)
Perovskite Nanocrystals

Our target was to achieve Mn-doping in narrower band gap CsPbBrs NCs compared to earlier
success of Mn-doping in CsPbCls NCs with band gaps in UV-blue region. We addressed this
challenge by developing novel postsynthesis strategy in this chapter. In the postsynthesis
doping, the host NCs were prepared first, and then different Mn precursors were added to
host NCs. We find that Mn-oleate precursor does not lead to Mn-doping in CsPbBrs NCs,
which explains the reason of unsuccessful doping of CsPbBrs NPLs and nanocubes. While
Mn-doped CsPbBrs NPLs show intense PL at room temperature, Mn-emission is absent in the
case of nanocubes. But Mn-emission appears when the PL is measured at lower temperature.
We find that thermally driven back energy transfer from Mn-dopant to host quenches Mn-
emission in Mn-doped CsPbBrs NCs. This back energy transfer can be suppressed either by
increasing optical band gap of CsPbBrs NCs through quantum confinement effect or by
decreasing PL measurement temperature. After Mn-doping, we extended the postsynthesis
strategy for Yb®" doping. Yb-emission emerges in near infrared (~1.2 eV) in all compositions
of CsPbXs (X = ClI, Br, I) NCs including different shapes with long lifetime of the order of
millisecond range. This Yb®" doping in CsPbXs perovskite NCs has tremendous scope in

near-infrared lasers, light emitting diodes, and sensors.

Chapter 4: Postsynthesis Mn-Doping in CsPbls Nanocrystals to Stabilize Black
Perovskite Phase

There is a big problem that CsPbls do not stabilize in the optoelectronically active black
perovskite phase at room temperature. In this chapter, the role of Mn-doping on structural
stability of desired black phase of CsPbls NCs at room temperature is addressed. Unlike bulk,
CsPbls NCs were reported to form in black perovskite phase at room temperature, but it

transforms to the non-perovskite phase with time. High surface energy of NCs helps the
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formation of black phase of CsPbls NCs at room temperature. Subsequently, two reports were
able to improve stability of black phase of CsPbls NCs through Mn-doping by employing one
pot synthesis. But it is unclear whether NCs alone stabilize black phase or Mn-doping has a
role to play since synthesis of undoped and Mn-doped CsPbls NCs were carried in two
different batches. Unlike previous reports we studied more reliably the role of Mn-doping on
black phase stability of CsPbls NCs by employing our postsynthesis strategy. Reaction
related inhomogeneity in size, structure and surface energy of host CsPbls NCs can be
neglected in our postsynthesis doping. We find that both lattice contraction and surface
passivation upon Mn-doping in CsPbls NCs is crucial to improve the stability of the desired
black phase in ambient conditions. Thin film of Mn-doped CsPbls NCs remained stable for
about a month in ambient conditions with relative humidity ~30%. Similarly, Mn-doping
improves PL stability of CsPbBrs NCs in ambient conditions where no phase transition is

expected.

Chapter 5: Colloidal Thallium Halide Nanocrystals Analogous to CsPbXs Perovskites
and their Defect Tolerance.

In this chapter, we studied TIX (X = Br, 1) NCs which are analogous to CsPbXs perovskite
NCs in terms of having similar defect tolerant valence electronic band structure, but, TIX do
not exist in perovskite structure. TI" and Pb?* are isoelectronic. We then addressed colloidal
synthesis challenge of TIX NCs for the first time to examine their defect tolerance character.
Interestingly, TIX NCs showed PL at room temperature unlike bulk TIX which was a good
starting point for us. Nature of PL is broad compared to CsPbXs perovskite NCs but
reasonable good PLQY ~6 to 10% is observed for TII and TIBr NCs respectively in UV-blue
band gap materials. PL decay lifetimes are in the range of 4-12 ns and increases with
emission wavelength. To examine further absence of deep defect states, we studied terahertz
carrier dynamics in TIX NCs films. Interestingly, high THz carrier mobilities (~ 220 - 329
cm?V-1St) and long diffusion lengths (~ 0.25 - 0.98 um) were observed in our TIX NCs

suggesting defect tolerance nature of TIX NCs.

Appendices A and B:

The thesis also includes two appendices. Appendix A: Strategy to overcome recombination
limited photocurrent in CsPb(Bri-xIx)s NCs arrays. This appendix is dedicated to fabrication
of photodetector based on layer by layer growth of thin film of CsPb(Br,1)3s NCs. We find that
photocurrent increase by 10* times compared to dark current but this photocurrent is limited
by bimolecular recombination. By using nanotrench geometry of electrodes to apply high
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electric fields, we were able to collect charge efficiently and photoconductivity enhances by a
1000 factor. Appendix B: Origin of excitonic absorption and emission from colloidal Ag2S
nanocrystals. In this appendix, the focus is to realize excitonic absorption and emission from
Ag2S NCs. Prior reports suggest broad featureless absorption of Ag2S NCs. Our findings
suggest contribution of mid-gap defect states along with band-edges, broaden the absorption
spectra. Removing those defects lead to sharp excitonic absorption of Ag2S NCs.
Consequently, intense near infrared excitonic or band-edge emission with high PLQY ~20%

and shorter PL decay lifetime ~11 ns is observed.
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Introduction

1.1 Introduction to defect tolerant perovskite semiconductors

Semiconductors are crystalline materials that does not conduct electricity at room
temperature when unperturbed. But, a small perturbation in the form of (electrical bias,
incident light, and doping) can lead to huge change in conductivity. This is due to the fact
that semiconductors have a finite band gap between valence band (VB) and conduction band
(CB). VB is fully occupied with electrons and CB is an empty band under no perturbation.
Charge carriers in both VB and CB are delocalized on all the atoms that contribute in the
formation of these two bands. Thus, if an electron is added to CB with the help of say an
electrical bias, this electron is free to move in this CB without undergoing scattering with
other electrons. This ideal scenario gives rise to good semiconductor properties. However,
life is not so simple because of the presence of defect states in between VB and CB which are
localized in nature. These defect states can trap the charge carrier with detrimental effects on

semiconductor properties such as poor mobility of charge carriers and shorter carrier lifetime.

The traditional approach is removing these defect states by improving crystallinity of
semiconductor. For this purpose often single crystal synthesis at high temperature > 1000 °C
or highly sophisticated epitaxial growth is required to obtain a good quality semiconductor.
On the other hand, lead halide perovskites have recently emerged as unique semiconductors
wherein, in spite of the presence of defects, we get good semiconductor properties. Such
materials which show good semiconductor properties despite having plethora of defects are
termed as defect tolerant semiconductors.! Thus one can solution process these defect tolerant
semiconductors in a cost-effective way, wherein, system is expected to have defects but still
we get good optical and optoelectronic properties. For example, the present status of solar
cell efficiency from MAPDIz is ~23% and is comparable to commercial Si solar cell

efficiency ~24%.2

From bulk to nanocrystals (NCs), apart from the lattice defects, role of surface defects also
becomes critical. Interestingly, the surface defects in lead halide perovskite NCs are also less
detrimental for optical and electronic properties. In fact, the first report on CsPbXs (X = Cl,
Br, I) perovskite NCs showed 90% photoluminescence quantum yield (PLQY) without any
surface modification and narrow emission linewidth (~85 meV).® Present status is like light
emitting diodes (LEDs) from CsPblz NCs have been reported with external quantum
efficiency (EQE) exceeding 20% and is comparable to commercial LEDs.* All these exciting

properties suggest that lead halide perovskite NCs are also defect tolerant.
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When | started my PhD, the evolution of CsPbX3 perovskites NCs as defect tolerant materials
was on cards. This motivated me to look into doping aspects in these unique semiconductor
NCs. The broad idea behind this thesis is to combine novel semiconducting properties of
CsPbX3 perovskites NCs with dopant properties to introduce new optical functionality, and to

improve stability.

1.2 Semiconductor nanocrystals:

The word “nano” prefix of NCs indicates that the size of object is in nanometer (nm) and 1
nm = 10° m. NCs are crystalline materials typically having size in the range of 1-100 nm.
Like macroscopic or bulk materials, NCs can be semiconducting or metallic in nature but
contain lesser number of atoms ranging from 100 to few thousands.® To have a better feeling
of nm scale, 1 nm long thread can clasp 10 hydrogen atom beads to form a nano-neckless of

hydrogen atoms.

Why nano is so interesting in material science especially in semiconductors? The straight
forward answer is in nano-regime, the intrinsic properties of semiconductors starts changing.
This gives us an opportunity to design novel materials out of the existing macroscopic
semiconductors. For example, color is an intrinsic property of CdSe which is a benchmark 11-
VI semiconductor well studied in literature.® If we decrease the size of CdSe crystal below its
excitonic Bohr diameter (characteristic of the material), the color of CdSe crystal starts
changing.”® This change in color is due to change in optical band gap of CdSe semiconductor
NCs upon decrease in size below its excitonic Bohr diameter though quantum confinement
effect.? Complete details of fundamental reason behind this quantum confinement effect
driven change in band gap will be discussed later in this chapter. Through quantum
confinement effect one can tune optical, and electronic properties at nanoscale by simply
making NCs. These NCs show properties in between that of bulk and constituent atoms or
molecules, and thus forms a bridge between atomic limit to bulk form. Understanding
properties of NCs could help us to unveil the aspects of both atomic and bulk form and their

transformation from one to another.

Another aspect of dealing with nano-regime is properties of NCs are mainly dominated by
surface atoms. This is due to the high surface to volume ratio (SAV) of NCs unlike bulk
crystals where surface has a negligible role. Thus, many exotic properties at the nanoscale

arise from the combination of high SAV ratio of NCs and quantum confinement effect.



Introduction

Furthermore, NCs self-assembly/super lattice/thin films opens up a new field of research

where additional novel functionalities could be realized through NC to NC coupling.®

One striking aspects is that the NCs can be dispersed in desirable solvents by tuning the
nature of surface passivation. Such a colloidal dispersion of NCs in a solvent should not be
confused with solution which altogether has different meaning. When NCs are dispersed in
solvents, they retain their individual property of a NC unlike solution of NaCl that dissociates
into Na* and CI". This colloidal dispersion of NCs can be used to make cost-effective thin
films for device purpose. In addition, the dispersion phase allows one to functionalize these
NCs on surface to carry out a specific function.

In spite of the fact that growth of NCs, characterization and assessment of its properties is a
challenging task, research on NCs has remained one of the hot topics across globe since last
three decades. Two important aspects of semiconductor NCs need to be understood more
elaborately which will in turn help us to understand the research work carried out in this
thesis. These are quantum confinement effect in NCs and high SAV ratio of NCs. After
introducing these terms, this chapter introduces various topics studied in this thesis ranging
from novel CsPbX3 perovskite and their NCs, doping Mn and Yb in semiconductor NCs, ease
and challenges of doping in CsPbXs perovskite NCs and their recent progress, and finally

metal halides NCs analogous to CsPbX3 perovskite NCs.

1.2.1 Brief history

In ancient times around 4" century, Romans were able to embed tiny gold crystals in glass for
decoration purpose. The interesting specimen from Roman era is Lycurgus cup made up of
glass embedded with tiny gold crystals. The Lycurgus cup has the ability to change the color
when illuminated with light from outside and within the cup.® Later, Michael Faraday in
1856 synthesized the first time colloidal gold solution of various colors while reducing gold
chloride solution using phosphorus.!* He attributed various colors to scattering of light by
minute gold particles. More than a century passed, when Richard P. Feynman gave insightful
lecture on December 29, 1959 at Caltech, USA which later developed a thought among
scientists “to control and manipulate things on small scale”.!?> One of the famous saying by
Feynman “There’s is plenty of room at the bottom” was an open invitation to a new field of
science later termed as the ‘Nanoscience’. Although effect of quantum confinement in optical
absorption spectra of excitons of transition metal dichalcogenide thin films were known in

1968.1314 But the first experimental evidence for quantum size effects on exciton is reported
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for tiny CuCl crystals dispersed in a silicate glass by Ekimov and co-workers in 1981.'% Soon
after this in 1982, Al. F. Afros and A. L. Afros performed first theoretical calculation based
on effective mass approximation (EMA) to explain these quantum size effects on excitons.®
It is to be noted that further improvements in EMA were made by Brus that led to famous
Brus equation discussed later.t” Other notable early experimental reports of quantum size
effects came from Henglein®® and Brus.!® In addition to quantum size effects, Brus in 1991
found quantum confinement of carriers also enhances the linear and non-linear optical
properties, and formation of bi-excitons.?’ These pioneering works set up the tone for further
research and development in nanoscience field from synthesis to applications. New tools

were developed which are around us to understand and characterize these tiny nanomaterials.

1.2.2 Quantum confinement effect in semiconductors

Semiconductors possess a characteristic band structure comprising VB occupied with
electrons and an empty CB. The two bands (VB and CB) are separated by forbidden energy
gap known as the band gap. Upon absorption of photon with incident light energy hv > AE
(band gap), electron in the CB and hole in the VB are created as shown in energy scale Figure
1.1a. This electron and hole being oppositely charged are held by electrostatic force of
attraction in space and is given the special name ‘exciton’. The force of attraction between
electron and hole is known as exciton binding energy. This coupled electron-hole or exciton
can be thought of analogous to a hydrogen atom where, hole is a proton. In the hydrogen
atom the distance between proton and electron is known as the Bohr radius, similarly, the
distance between coupled electron-hole in a semiconductors is known as the exciton Bohr
radius ‘rg’. Exciton Bohr radius ‘rg’ and its binding energy ‘E,,’ are material specific and
depends on the effective masses of electron and hole, dielectric constant of the material

through following equation.?

hZ
rg = ;7 and  Eoy = o e, (1)

mg +my,

Where u is reduced mass given by u = , mg and m;, are effective masses of electron

*

mg my,
and hole respectively, ‘e’ is dielectric constant, A = % , “h’ is Plank’s constant, and ‘e’is
charge of an electron. It is to be noted that m; and m;, in a good semiconductor are typically
smaller than free electron mass ‘mo’, and € is much larger than vacuum/air. Therefore, r5 of

semiconductors is significantly larger and smaller E,, when compared to the hydrogen atom.

Typical values of rz for common semiconductors fall in the range of 1-10 nm, while, E,, in

5
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case of bulk semiconductors falls in the range of 1-100 meV. We will see later that E,, in

quantum confinement regime depends on the size/shape of semiconductor NCs.
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Figure 1.1: (a) Pictorial representation of electron (e”) and hole (h*) formation in CB and VB
respectively upon absorption of light. The e and h* are held by columbic force of attraction
and this electron-hole pair is termed as the exciton. (b) Schematics of particle (¢) in 1D box
of length ‘L’. (c) Schematics of particle (exciton) in a ring of diameter ‘d’. In both the
schematics panel b-c, the particle is approximated to be present anywhere inside the box or
ring but has infinite potential outside box/ring. Panel b is adapted following ref. 22.

In order to understand origin of quantum confinement, we refer to familiar solution of

Schrodinger equation for a particle (electron) in a 1D-box (see Figure 1.1b) problem given

below.??
n?n?
" 8mL2
h2
AEy 41 = Enya —En = (@2n+1) SmL2

1

AEn,n+1 X L_2

Where ‘E” is energy of a state and ‘AE,, ., is energy gap between ‘n’ and (n + 1)" state,
‘n’ isaninteger (n =1, 2, 3....), ‘h’ is Plank’s constant, ‘m’ is the mass of particle and ‘L’ is
the length of box. Equation (2) depicts that, if the length of box is decreased, the energy gap
between levels increases and vice-versa. From here we saw that the energy gap between two
levels varies with size (length) of 1D-box. Similarly, the energy expression for a particle in 3-

D cubical box follows same proportionality of equation (2) as shown below.?

h
E=mi+ny+n) —

Wheren, =1,2,3....
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1
o AEn,n‘I'l O( L_2 ........................................... (3)
Let’s now take the case of ring, the simplest model to describe semiconductor NC of
spherical shape. The potential for a particle (exciton) inside the ring/NC is zero and outside
the ring, the potential is infinite as shown in Figure 1.1c. Now, if we extend the approach of
particle in 1D and 3D box problem to this ring, qualitatively the following proportionally

remains truly valid.?

AEpniq X di ........................................... @)
Where ‘d’ is the diameter of the ring. As per equation (4), we can qualitatively say that if we
decrease the size of semiconductor NCs less than exciton Bohr diameter (d = 2rg). The
excitons get confined to smaller space than its bulk regime. As a result the band gap between
the VB and CB increases. A modified Brus equation!’ shown below based on effective mass
approximation is used to calculate band gap of QDs.?24

hz |1 1 1.786e2
Egop = Epuk + 5z [— +

m;  my 4Ty €L R?

— 0.248(E * RY) crovevvveeeeeeeeeeresessreesessseeronens (5)

Where, E; op is predicted band gap energy of QD; R is radius of QD; mgand m,, are
effective mass of electron and hole respectively; h is Planck’s constant; &, permitivity of

vacuum; &, is dielectric constant; E * Ry is Rydberg energy; and Ej,;, is characteristic bulk

band gap of a semiconductor. The second term in right hand side of equation (5) is gz mi +

1.786e2

4TE €4 R?

mi] corresponds to confinement energy and is inversely related to R2. The third term
h

is columbic binding energy of exciton and is inversely proportional to R (its contribution is
very small due to high &, of semiconductor). The last term is 0.248(E * Ry) which takes care

of electron-hole spatial correlation effect.

Generally, bulk semiconductor crystals have a fixed band gap, but beyond certain size less
than the exciton Bohr diameter of a semiconductor, the band gap can be tuned see Figure
1.2a-b. This phenomenon of size dependent change in band gap is known as quantum
confinement effect and such semiconductor NCs which exhibit quantum confinement effect
are known as quantum dots (QDs). This quantum confinement effect differentiates
semiconductor NCs from both its constituent atoms and bulk counterpart. Apart from size

dependent change in band gap, QDs show increased oscillator strength for optical transition,
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i.e transition probability increases. Also, confinement of electron and hole leads to atomic
like quantized states see schematics in Figure 1.2a, unlike continuous bands in bulk
semiconductor. The atomic like quantized states become more prominent with increase in

strength of quantum confinement in smaller NCs in Figure 1.2a.%
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Figure 1.2: (a) Pictorial representation of valence band structure of bulk (microcrystalline) to
NCs under quantum confinement regime. The decrease in size below exciton Bohr diameter
increases the bang gap between VB and CB through quantum confinement effect. Also, same
guantum confinement leads to atomic like quantized states rather than continuous bands and
is more prominent in smallest size NCs. (b) Steady state optical absorption spectra of three
different sizes of CdS NCs showing optical band gaps at higher energy compared to bulk
band gap due to quantum confinement effect. Panel a is adapted following ref. 8. Panel b is
reprinted with permission from ref. 25. Copyright 2015 American Chemical Society.

1.2.3 Surface to Volume ratio

Another size dependent parameter which affects the properties at the nano-regime is the high
SAV ratio. SAV is defined as the ratio of surface area to the volume of an object and is
inversely proportional to radius ‘R’or diameter ‘D’of NCs. Due to high SAV ratio of NCs
compared to bulk, properties at nanoscale have significant contribution from surface atoms,
unlike macroscopic materials where surface atoms have negligible role. The fraction of atoms

covering the surface to the total atoms present in a NC is termed as dispersion ‘F’. For ‘N’

spherical atoms of a cubic or spherical shaped NC, the dispersion follows N3 proportionality
as shown in Figure 1.3 and inversely proportional to the radius‘R’.?® To have a better feeling,
spherical NC with 1 nm diameter typically has 70% of atoms present on the surface.?” Thus,
nanoscale material show different reactivity, melting points, vapour pressure etc compared to
same material in the bulk form. For example, when the size of gold is reduced to few nm, the
resulting gold nanoparticles show enhanced catalytic activity for driving CO oxidation.?-%°

High surface area of gold nanoparticles leaves more surface atoms exposed and thus

8
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increases the chances of reactivity. Similarly, other physical properties such as melting point,
vapour pressure can also change when SAV ratio is high due to increases in surface energy.
Surface energy is defined as energy required to put a dangling bond on surface and increases
dramatically with increase in SAV ratio or with increase in the number of under coordinated
bonds on surface. Thus surface atoms can easily escape in a nanoparticle due to the high
surface energy and thus decrease in melting point of say Pt or Pd nanoparticles.*® On the

other hand, this high SAV ratio of nanoparticles increases biological toxicity concern.!
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Figure 1.3: Dispersion or fraction of atoms covering surface of a NC is plotted as a function
of N3, where N is number of spherical atoms in a NC with cubic morphology. Reprinted
with permission from ref. 26. Copyright 2006 Royal Society of Chemistry.

Optical properties of semiconductor NCs are significantly affected due to the high SAV ratio
of NCs. Large number of dangling bonds on surface of NCs often generates a non-bonding
defect state in between VB and CB. Such defects are localised in nature and can trap electron
and hole, detrimental to both the luminescence efficiency and transport of the charge carriers
in semiconductor NCs. Tackling this large number of dangling bonds on surface in
semiconductor NCs is challenging. Few strategies developed so far is passivation of surface
bonds through forming a core-shell type heterostructure, and passivation with the help of long
chain organic ligands. Throughout this thesis work, long chain organic ligands are used to

passivate the surface of NCs.

1.3 Doping in semiconductors

Doping means intentional incorporation of extrinsic impurities in a crystalline host without
changing the host electronic structure. Doping in semiconductors is a long-established
successful strategy to control electronic, and optical properties of the semiconductors.3? This
is due to the fact that in semiconductors, doping can significantly change number of
conduction electrons or holes in CB or VB respectively. As a result, modulation of electronic
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properties of semiconductors could be easily achieved. For example, doping Si
semiconductor with pentavelent or trivalent impurity changes nature of conductivity to n-type
or p-type respectively through modulation of carrier concentration. Doping magnetic
impurity can introduce magnetic properties to non-magnetic host semiconductors. One
classical example is Mn?* ion when doped in GaAs (non-magnetic host) introduces
ferromagnetism.®® Extensive doping can also used to introduce localized surface plasmon
resonance (LSPR) in a wide band gap Sn-doped In,Os NCs. Degenerate doping of Sn** in
In203 NCs introduces free electron in CB of In.Os. These doped conduction electrons can
oscillate collectively in presence of electromagnetic radiations giving rise to LSPR in infrared
region of Sn-doped 1n20s NCs.3* Interestingly, by varying doping concentration of Sn, free
electron concentration varies and thus tuning of LSPR band is achieved in Sn-doped In2O3
NCs.®® Such LSPR bands have potential applications in the field of thermochromic

windows,® and optical sensing.®’

Semiconductors are interesting hosts for optically active dopants and the combination of both
(semiconductor + optically active dopant) is used to tailor optical functionality in a
semiconductor. Such materials have huge influence in the field of light emitting diodes
(LEDs), luminescent solar concentrators (LSCs), and optical thermometry.®? Following

sections discuss in detail optically active dopants in semiconductor NCs

1.4 Doping in semiconductor NCs

Doping in bulk semiconductors is generally controlled by the thermodynamic solid solubility
limit of dopant. Out of this solubility limit, 50% or more Mn-doping is achieved in 11-VI
semiconductors (ZnS/Se, CdS/Se) under thermal equilibrium condition.®® However, same
Mn-doping in 11-VI semiconductor NCs is challenging, and often small percentage of dopants
get incorporated in host NCs and in some host NCs, no doping has been achieved.® It is
believed that these semiconductor NCs show self-annealing process wherein dopants are
expelled from interior of NC to surface. Typical, doping in bulk semiconductor is usually
achieved at very high temperature (> 1100 °C) whereas colloidal synthesis of semiconductor
NCs is carried around 300 °C due to limitation from boiling point of organic solvents. At this
temperature diffusion of impurity into host which requires thermal equilibrium is difficult to
achieve, and thus small amounts of the dopant get introduced in NCs.*° Despite these
challenges, doping in semiconductor NCs is one of the top most active research from last two
decades. One reason is size/shape dependent band gap tuning of semiconductor NCs gives

wider flexibility to dope optically active dopants. Another important reason is that doping in

10
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quantum confined semiconductor NCs increases dopant-carrier interactions. For example,
doping a magnetic ion e.g. Mn?* into a non-magnetic semiconductor NC can give rise to
fascinating magnetic and magneto optical properties and are popularly known as dilute
magnetic semiconductor (DMS) NCs.3* 4142 Sych DMS NCs benefit from interaction of
dopant with charge carriers of host semiconductor NCs. One direct evidence of the dopant
interaction with carrier is giant Zeeman splitting of excitonic PL observed at 4.2 K under zero
magnetic fields for single Mn-doped CdSe NC, see schematics Figure 1.4a and experimental
results in Figure 1.4b.** Since Mn?* has a nuclear spin value of 5/2 and thus splits excitonic
PL into 6 hyperfine lines due to six spin projection of Mn?* spin ( +5/2, +3/2, +1/2 )
interacting with exciton. But, the single to noise ratio is poor. The improvements can be made
by using lanthanide dopants which have higher magnetic moment compared to transition
metals for same number of unpaired electrons. But, the same lanthanide doping in

semiconductors or their NCs is difficult to achieve which is discussed later in this chapter.
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Figure 1.4: Pictorial representation of giant Zeeman splitting of excitonic PL in presence of
magnetic dopant Mn?*. Mn?* has nuclear spin value of 5/2 and excitonic PL (carrier) can
experience 6 different possible interaction with Mn-dopant. (b) PL spectra recorded at 4.2 K
under zero magnetic fields for single particle Mn-doped Cdo.9997Mno.0003Se/CdS NC. Panel a-
b reprinted with permission from ref. 43. Copyright 2016 American Chemical Society.

Moreover, stronger the quantum confinement in semiconductor NCs, greater will be the
magnitude of giant the Zeeman splitting. Such materials once developed pave way towards

future spintronics, solotronics and magneto-optical gating.**

When dopants are optically active in nature such as Mn?* or Yb®*, a new emission channel is
introduced in host semiconductor NCs and is characterized by long emission lifetimes. In

strong confinement regime of NCs, efficient energy transfer from host to dopant is possible
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due to increased probability of overlap of exciton-dopant wave function. Typically dopant
emission in semiconductor NCs can originate in two forms. 1) Purely dopant emission
appears with no sign of excitonic emission see Figure 1.5a, and 2) both dopant and excitonic
emission emerges out as the dual emission color see Figure 1.5b.*° Moreover, the tuning of
dual (excitonic-dopant) emission color can be achieved by tuning the size/shape dependent

host band gap, or by varying Mn-dopant concentration.
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Figure 1.5: Optical absorption spectra (dotted line) and PL spectra (solid line) of Mn-doped
ZnSe based core with different shell heterostructured NCs, (a) corresponds to ZnS shell, (b)
CdS/znS shell. Panel (a) shows only dopant emission arises with no emission from host and
in panel (b) both dopant and host emission arises. The black dashed line depicts slight
tunability of Mn-emission is achieved upon change in thickness of shell/environment around
Mn-dopant. Panel a-b reprinted with permission from ref. 45. Copyright 2017 American
Chemical Society.

It is to be noted that dopant-emission energy typically emerges at a fixed energy which is
dopant specific and shows slight dependence on environment but independent of band gap of
host NCs. Limited tunability in dopant emission energy has been achieved in Mn-doped
ZnSe/ZnS ensemble NCs by changing shell thickness (see Figure 1.5a-b). However, widely
tunable Mn-emission in single NC host is reported and is discussed later in this section. In the
case of Cu-doped ZnSe/CdSe core/shell NCs, the emission arises from transition involving
one host state and one dopant state. In such cases, the size dependent tunability of dopant
emission can be observed.*® These doped semiconductor NCs can be used in simple and
innovative ways from LEDs to harvesting solar energy benefitting from red shifted dopant

emission compared to host absorption. This red shifted dopant emission ensures less or no re-
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absorption of dopant emission by the host NCs, see red shaded Mn-emission in Figure 1.6a.*’
Inset of Figure 1.6a shows that negligible re-absorption of Mn-emission arises from ligands
of NCs and weekly absorbing Mn levels lying in midgap of Mn-doped CsPbCls NCs. Thus
befitting from this re-absorption free dopant-emission, Mn-doped I1-VI semiconductor NCs
and recently Mn-doped CsPbCls NCs have been used to fabricate LSC based solar cells.*’°
Ideally any material with emission energy red-shifted from absorption can be a suitable
candidate for LSCs provided the PLQY of that emission is high enough. Mn-emission in

CsPbClz NCs satisfy both significant red-shift and high PLQY.
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Figure 1.6: Optical absorption and PL spectra of Mn-doped CsPbClz NCs in which band
edge (BE) and Mn-emission are highlighted in blue and red shade respectively. BE emission
spectra (blue shade) shows significant overlap with host absorption, but Mn-emission spectra
shows zero overlapping with host absorption spectra. Inset of panel (a) shows zoomed view
of Mn-emission spectra with slight absorption of Mn-emission energy arising due to ligands
present on NCs and midgap Mn-levels. (b) Schematics of luminescent solar concentrator
window of polymer waveguide matrix embedded with reabsorption free doped NCs as an
alternative for solar powered urban building. Panel (a) is reprinted with permission from ref.
47. Copyright 2017 American Chemical Society, and panel b with permission from ref. 50.
Copyright 2017 Nature Publishing Group.

LSCs are promising candidates for building-integrated photovoltaic (BIPV) semitransparent
windows capable of harnessing solar energy into power as shown schematically in Figure
1.6b.%° The idea is to create solar energy powered buildings feasible in urban areas. Typical
LSC consists of polymer waveguide in which luminescent material with emission free from
re-absorption is embedded, and at the edges Si solar modules are placed as shown pictorially
in Figure 1.6b. The sunlight is captured by luminescent material which then re-emits in all
directions and waveguide concentrates this emitted light at the edges where Si solar modules
convert this light to power. Any re-absorption losses are detrimental to the efficiency and
cannot be afforded in LSC based solar cells. Another way of exploiting this red shifted Mn-
emission in CsPbCls NCs is to enhance the weak EQE of Si-solar cells below 450 nm.552 A

thin film of Mn-doped CsPbCls NCs ~50 nm over Si solar cell shows nearly 100%
13
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transparency to visible and near infrared (NIR) light. In this way light < 400 nm is efficiently
absorbed by Mn-doped CsPbCls NCs and converts it into 586 Mn-emission which is then
efficiently absorbed by the underneath Si solar cell. Similarly, thin film of Yb-doped CsPbCl3
NCs is used recently over Si-solar cell for the same purpose and ~4% enhancement of Si-
solar cell efficiency is realized.>® Last but not the least, both Mn and Yb doped
semiconductor NCs are suitable candidates for LEDs from visible to NIR region. Recently,
PLQY ~130 % is reported for Yb-emission in case of Yb-doped CsPbCls NCs through
quantum cutting phenomenon.>* Therefore, NIR LEDs and sensors based on Yb-doped

CsPbCls NCs are not far away from realization.

While all the above mentioned properties and applications of impurity doped semiconductors
will be of greater significance if doping is carried out in the quantum confined semiconductor
NCs. So, it is highly appealing and desirable to develop methods to achieve doping in the
quantum confined semiconductor NCs. In this thesis, the second chapter is based on this
novelty aspect wherein Mn is doped in strongly confined CsPbClz nanoplatelets (NPLS).
Also, major part of the thesis addresses the synthesis challenge of Mn- and Yb-doped CsPbX3
perovskite NCs followed by the investigation of their optical properties.

1.4.1 Fundamentals of Mn-emission

Mn?* doping is one of the most widely explored and versatile dopant for semiconductor hosts
including NCs. This is because of the fact that Mn?* prefers tetrahedral coordination
(octahedral coordination is also possible) and most of semiconductors such as CdSe, CdS,
GaAs, ZnS, Si etc have tetrahedral coordination environments. Upon doping Mn?* in a
suitable host of semiconductor NCs typically leads to bright luminescence in visible region
~2.12 eV (586 nm) due to “T1 — ®A; internal d-d transition of Mn?*. In addition, Mn?* ion is
magnetic in nature and also introduces magnetic character to host semiconductor NCs. Thus,
Mn-doping can give rise to interesting magnetic and magneto-optical properties when doped
in semiconductors NCs. This section will discuss in detail Mn-doping from its optical readout
point and is directly concerned with the major part of this thesis.

PL spectroscopy is an excellent probe to study Mn-doping in semiconductor NCs. Interesting
aspect of Mn-doping in semiconductor NCs comes into play when band gap of host is greater
than Mn-emission energy gap. This requirement of suitable band gap motivated researchers
to study Mn-doping extensively in 11-VI semiconductor NCs.3* % Figure 1.7a shows size

dependent PL spectra of Mn-doped CdSe NCs at 5 K, and in Figure 1.7b shows PL maximum
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of both Mn-emission and excitonic emission plotted as a function of the NC diameter ranging
from 2.3 to 5 nm.* Clearly, Mn-emission emerges when the optical band gap (~PL maximum
energy) of host NCs is larger than the Mn-emission energy gap. As a result, only small sized
CdSe NCs with diameter < 3 nm exhibit the Mn-emission. Large sized CdSe NCs have

smaller optical band gaps than Mn-emission energy and thus no sensitization of Mn-dopant is

possible.
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Figure 1.7: PL spectra of Mn-doped in different sized CdSe NCs ranging from 2 to 5 nm
from top to bottom. (b) PL emission maximum energy as a function of CdSe NCs diameter.
Clearly Mn-emission emerges when host emission energy is greater than Mn-emission
energy. Panel a-b reprinted with permission from ref. 55. Copyright 2008 American
Chemical Society.

Upon electron-hole excitation in CdSe semiconductor NCs, the excitonic energy is
transferred non-radiatively to Mn-dopant thereby exciting Mn from ground state to excited
state. The excited Mn then de-excites radiatively through 4T1-5A; d-d atomic level transition
giving rise to Mn-emission.>® The mechanistic details of sensitization processes involved will
be discussed later in this section, let’s try to understand first the origin of “T; to ®A; transition
of Mn. Free Mn?* ion possesses five unpaired electrons in the 5 fold degenerate 3d orbital. In
presence of weak ligand field tetrahedral or octahedral geometry, the ground state retains 5
unpaired electrons in symmetric from (°A1), but degeneracy of d orbital splits in ¢, and e sets
in excited state see Figure 1.8.* Clearly, it can be seen from Figure 1.8 that spin state of
ground state is different from that of all excited state configurations. As a result, all electronic
transition from ground state are spin forbidden for Mn?*, however, can feel some relaxation

in presence of spin-orbit coupling or local strain in ligand field. Typical molar extinction
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coefficients of these spin forbidden transitions are of the order of 1-10 M-*cm™ and are rarely
observed. One way to efficiently excite weekly absorbing Mn?* is to dope it in a direct band
gap semiconductor NC which shows strong extinction coefficient typically ~10° M-cm™ for
light absorption. Energy transfer from host to Mn-dopant can excite Mn to its excited state.
Once Mn is excited, it emits light in visible region (~586 nm) by undergoing radiative de-
excitation from lowest excited state (“T1) to ground state (®A:) as depicted in Figure1.8. Due
to the spin forbidden nature of this “T1-°A; transition, Mn-emission is characterized by long
lifetime in millisecond range. Typically, Mn-emission shows high PLQY when doped in
semiconductor NCs. PL efficiency of Mn-emission depends on rate of forward energy
transfer from host to dopant, total rate of non-radiative processes or defect density and rate of

backward energy transfer from dopant to host which requires thermal activation.
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Figure 1.8: Tanabe-Sugano diagram of Mn?* (d°) system in a cubic field showing °A; ground
state and low lying spin-forbidden excited states. Clearly T1 is low lying excited state energy
level in weak ligand fields depicted by dotted rectangle. Commonly encountered Mn-
emission energy in Mn-doped semiconductor NCs corresponds to *Ti—%A; transition.
Reprinted with permission from ref. 44. Copyright 2008 WILEY-VCH.

The probable mechanism of Mn-sensitization can be understood from three level system
band diagram in energy scale in Figure 1.9. k°” and kM stands for radiative decay constant
of quantum dot (QD) and Mn respectively, k,‘ff and kM™ stands for total non-radiative decay
constant of QD and Mn respectively, kg is the central parameter and stands for rate constant
for energy transfer (ET). Ground state stands for all electrons in VB are filled and Mn is in
electronic ground state (°A1), while excitonic state is when electrons are promoted to CB

forming excitons. T is lowest lying excited state of Mn above this state, higher energy

16



Chapter 1

excited state are lying depicted by >*T" gamma distribution. Based on sub-nanoseond energy
transfer rates observed in colloidal semiconductor NCs,%” most probably Dexter-type®®
exchange interaction are involved in sensitization of Mn involving transfer of excitonic
energy non-radiatively to Mn-dopant. Another proposed theory of sensitization is electron
transfer from CB to “T state of Mn. However, such transfer will change oxidation state of
Mn?* to Mn* which is proposed to form a short lived transient species. Although, both
theories agree on fact that final Mn-emission arises from Mn2* oxidation state involving

radiative de-excitation from “T; excited state to °A; ground state.

ground state

Figure 1.9: Pictorial representation of various radiative (straight lines) and non-radiative
(curved lines) processes involved in Mn-doped semiconductors upon absorption of photon.
Ground state corresponds to all electrons in VB and Mn has all electrons unpaired (ground
state of Mn). Excitonic state corresponds to electrons promoted to CB. Mn-dopant is
sensitized upon non-radiative energy transfer from excitonic state to Mn-dopant which then
undergoes radiative and non-radiative transition from the low lying excited state energy level
“T1. Reprinted with permission from ref. 44. Copyright 2008 WILEY-VCH.

Mn-doped colloidal semiconductor NCs exhibit Mn-emission with three characteristics
features, 1) limited spectral tunability, 2) broad spectral width, and 3) long lifetime of Mn-
emission. Mn-emission arising from atomic d-d levels of Mn is primarily independent of
size/shape and to some extent local environment of host and thus narrow tunability window is
possible for Mn-emission. The maximum tunability of Mn-emission achieved from Mn-
doped in 11-VI semiconductor ensemble NCs is < 150 meV ranging from orange to red region
of visible spectrum. Hazarika et al.>® reported spectral tunability of 370 meV of Mn-emission
at single particle level in Mn-doped Zno.2sCdo.7sS NCs covering green to red region of visible
spectrum. Such a large spectral tunability of Mn-emission is attributed to asymmetry in

ligand field environment of Mn in different NCs. Another characteristic feature of Mn-
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emission from ensemble Mn-doped NCs is broad spectral width ( >180 meV). Such a broad
spectral width questions the atomic level nature of Mn-emission. One of the reason attributed
to this anomaly is coupling of vibrational structure of host NCs and Mn d levels.
Interestingly, single particle level PL spectroscopy in Mn-doped Zno25Cdo.7sS NCs by
Hazarika et al. reports very narrow ~60 to 75 meV spectral width of Mn-emission and
attributed this lower limit of spectral width to coupling of vibrational structure of host and
Mn d levels.*® Finally, long PL lifetime of Mn-emission of the order of milliseconds is due to
spin forbidden nature of “T1-8A; transition. Such a long lifetime is an advantage for phosphor

and sensors type applications.

1.4.2 Yb®* doped semiconductor NCs

Lanthanide (Ln®*) doping including Yb®* has been mostly carried out in insulators such as
wide band gap oxides or fluoride lattice where lanthanides based emission are well reported
and studied.®%-%! The same Ln®* doping in semiconductors has remained a challenge.®? This is
due to the fact that Ln®" prefers octahedral or higher coordination and most common
semiconductors such as Si, GaAs, CdSe, ZnS etc have tetrahedral coordination environments.
Lanthanide doping in narrower band gap semiconductors absorbing in visible region is highly
desired. On the other hand, CsPbXs perovskite are unique and novel semiconductor hosts
where octahedral coordination environment is present for Pb?* cation. One straight future
outlook of this compatibility is to dope CsPbXs NCs with Ln®* based magnetic dopant and to
probe the magnetic-optical properties discussed in thesis outlook and future directions.

In case of Yb®" and other trivalent lanthanides, the f-f optical transitions are atomically sharp
but are parity forbidden in nature with poor extinction coefficient of light absorption.%*-%* The
atomically sharp nature of intra 4f transition in all Ln®*" including Yb** is due to fact that
screening of 4f orbitals by outer 5S and 5p orbitals makes intra 4f-4f transition less sensitive
to ligand fields.®* Sensitization of trivalent lanthanides and resulting Ln®* based emission is
vastly explored in literature due to the potential scope in phosphors, sensors, imaging etc.
However, for all these application high luminescence efficiency and long lifetime of intra 4f
transition is desirable. In prior literature, sensitization of Ln®*" was achieved with the help of
organic fluorophore molecules.%5-% But, such a combination resulted so far maximum PL
efficiency of 63% and long lifetime of 712 us for Yb-emission.6” On the other hand, Ln®*
dopants including Yb% have been incorporated in wide band gap fluoride, oxide lattice
(commonly in NaYFs4, LaFs, LuPOs, Gd.O) for up conversion anti-Stokes emission.50-61

Interestingly, suitable combination of host and dopants has resulted into PL efficiencies
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beyond 100% for Ln®" emission through quantum cutting down conversion process.®®%° But,
these hosts are insulators with wide band gap and require high energy UV excitation source.
Subsequently, benefitting from high light absorption coefficient of direct band gap I11-VI
semiconductor NCs, efforts have been made to dope Ln®*" in visible band gap 11-VI and 111-V
NCs such as CdS, CdSe, InP etc.62%% 7072 However, prior literature suggested difficulty to
dope Ln®* in these semiconductor hosts eventually suffering from poor sensitization/PLQY of
dopant emission and small radiative lifetimes in ps range for Yb-emission.®2%3 7 The
difficulty in doping Ln** in these semiconductor hosts is attributed to following two reasons.
Ln%* are generally hard acids and do not prefer soft bases like S*, Se?” or P*. Secondly, Ln®*
prefer octahedral or higher coordination environment, thus making incorporation difficult at
tetrahedral site of Cd?*, Zn?*, In® commonly encountered in 11-V1 and 111-V semiconductor
NCs. Therefore Ln** doping in narrow band gap semiconductors is highly challenging.

Recently, Yb-doping in CsPbCls NCs is reported exhibiting longer lifetime ~2 ms for Yb-
emission.>®5* ™ CsPbX3 NCs with band gaps in the visible region are desirable candidates for
doping lanthanides, where, Ln®*" or Yb®" replaces Pb?* from its octahedral site in CsPbXs
perovskite structure. Also, high molar extinction coefficient of CsPbXs NCs can sensitize
efficiently Yb®* which then shows emission in NIR region.” Figure 1.10a shows that indeed
most of the trivalent lanthanides were successfully doped in CsPbCls NCs exhibiting sharp
emission from visible to NIR region in same host.”* As expected all Ln®*" emissions are red-
shifted from excitonic emission of host. For a specific case, optical absorption and PL spectra
is shown in Figure 1.10b for Yb-doped CsPbCls NCs.** Clearly, Figure 1.10b shows Yb-
emission emerges in NIR region around 990 nm, with no absorption feature corresponding to
this Yb-emission. The Yb-emission arises due to energy transfer from excitonic states of host
CsPbCls NCs to Yb-dopant thereby exciting Yb®* to higher energy state (*Fs2). The excited
Yb?®" then emits through intra f-f transition from 2Fs;, — 2Fz2 level falling in NIR region 1.25
eV (~990 nm). It is to be noted that Yb-emission is spin allowed transition unlike Mn-
emission but remains parity forbidden. The overall process of sensitization and energy
transfer is qualitatively similar as depicted for Mn-dopant see schematics in Figure 1.9.
Interestingly, NIR PLQY of Yb-emission increases from 10 to 130% upon increase in Yb-
dopant concentration from 0.2 to 7.4% respectively see Figure 1.10c. High PL efficiency for
Yb-emission exceeding 100% is attributed to quantum cutting phenomenon where one high
energy photon excites two Yb-dopants.>* Interestingly, Yb®* (4f13) exhibits clean energy level

structure involving only two states, ground state F7, and single excited state 2Fs;» compared
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to other Ln* ions such as Ce®", Eu®*, Gd** wherein multiple f-states are present as shown in
Figure 1.11.7®
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Figure 1.10: (a) PL spectra of lanthanides (Ln®*") doped CsPbCls NCs. (b) Optical absorption
and PL spectra of Yb-doped CsPbCls NCs exhibiting NIR Yb-emission at lower energy from
host absorption (downconversion emission). (¢) Estimated PLQY of excitonic emission and
NIR Yb-emission as a function of Yb-concentration. More than 100% PLQY of NIR Yb-
emission is due to quantum cutting of higher energy photon into two low energy photons.
Panel (a) is reprinted with permission from ref. 74. and panel b-c is from ref. 54. Copyright
2017 and Copyright 2018 American Chemical Society.

This clean energy level structure of Yb** involving only two energy levels makes it one of the
popular lanthanide dopant for introducing optical functionality to semiconductor NCs. This is
driven by the fact that non-radiative process increases with increase in number of energy
levels and are expected to be lesser for the case of Yb3* compared to many other lanthanides.
On the other hand narrower emission energy of Yb®" emission (1.25 eV, 10000 cm™) is
sensitive to quenching environments detrimental to luminescence efficiency and radiative
lifetime.””-"® Three to four quanta of N-H stretching or O-H stretching vibrations (~3500 cm’
1y from ligands quenches the Yb-emission.””"® Similar to Mn-emission, Yb-emission energy
is insensitive to size/shape/composition dependent band gap of host semiconductor NCs.
Finally, significant red-shifted Yb-emission from host absorption in Yb-doped CsPbCls NCs

is innovatively used to increase the overall Si solar cell efficiency by ~4%.%3 But same Yb3*
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doping in narrower band gap CsPbBrs; and CsPbls NCs has remained challenging. Chapter 3
in this thesis addresses this issue by developing novel postsynthesis strategy to achieve Yb-

doping in CsPbX3 (X = ClI, Br, 1) perovskites NCs of various compositions and shapes.
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Figure 1.11: Schematics of energy levels diagrams of Yb%*, Gd**, Ce**, and Er®*. Among all
lanthanides Yb®* possesses clean valence energy level structure involving only two states.
Reprinted with permission from ref. 76. Copyright 2016 American Chemical Society.

1.5 CsPbXs (X = Cl, Br, 1) perovskite semiconductors.

Both charge carrier mobility and carrier lifetime of semiconductors are strongly dependent on
interference of trap states (deep defect states). To get high quality semiconductor, one way is
to get rid of trap states. Typically, high synthesis temperature >1000 °C is a way although
costly to obtain high quality Si semiconductor used in solar panels or epitaxial growth of
GaAs is another way but even more expensive. A different approach is to design defect
tolerant novel semiconductors. For example, CsPbX3 perovskites show good semiconducting
properties despite having defects as discussed in section 1.1. Thus, one can solution processes
these lead halide perovskite in a cheaper way while retaining good semiconductor properties.
As a result, these lead halides perovskite have recently dominated in photovoltaic’s research
and an increase in solar cell efficiency from ~4% to ~23% is achieved within six years.? The
superior optoelectronic performance of lead halide perovskite despite having defects arises
due to its defect-tolerant band structure wherein defect states do not fall deep within the
midgap.® ”® This breakthrough in lead halide perovskite has changed the way of our thinking

to design novel semiconductor materials and is the central material studied in this thesis.
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1.5.1 CsPbXs perovskite structure

CsPbX3 perovskites show temperature or pressure dependent structural polymorphic
transitions and commonly encountered phases are cubic, tetragonal, and orthorhombic
phases.®’ Cubic CsPbXs (X= ClI, Br, 1) has crystal structure same as that of CaTiOs mineral
which is named perovskite after Russian mineralogist Lev Perovski.®! This cubic perovskite
structure has the highest symmetry compared to other polymorphs and is the simplest

structure discussed in detail in this section.

(@)

Cubic CsPbX,

Figure 1.12: Schematics of cubic perovskite structure of CsPbX3 similar to structure CaTiO3
mineral. Unit cell of CsPbX3 perovskite showing (b) six-fold coordination environment of
Pb?* cation, and (c) 12-fold coordination environment of Cs* cation.

Simple cubic perovskite structure has three types of lattice positions popularly known as A-
site, B-site and X-site for ABX3 perovskite. A-site is occupied by large sized cation (Cs*), B-
site is occupied by smaller cation (Pb?*) and anion occupies X-site. The total charge on A and
B cation is neutralized by total anion charge in its empirical formulae. Simple cubic
perovskite structure is shown in Figure 1.12a and corresponding unit cell shown in Figure
1.12b-c in two different ways. The B-site (Pb?*) has a coordination number 6 (see octahedral
arrangement of X around Pb?" in Figure 1.12b) while A-site has 12-fold coordination
environment (see cuboctahedral arrangement of X" around Cs* in Figure 1.12c). Thus overall
cubic perovskite structure has three dimensional arrangement of corner shared {PbXg}*
octahedra (see Figure 1.12a) and the voids created in this arrangement are occupied by A-site
(Cs*) cation. Similar corner shared {PbXs}* octahedra are present in orthorhombic or
tetragonal phases but differ in bond angle between Pbh-X-Pb and arrangement of A-site (Cs*)
cation. In case of CsPbX3 perovskites, both Pb and X orbitals contribute in the formation CB
minimum (CBM) and VB maximum (VBM) which are responsible for transport of charge

carriers. So this connectivity of {PbXs}* octahedra in perovskite structure is crucial to
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achieve efficient transport of charge carriers. A-site cation (Cs*) doesn’t contribute directly to
VBM or CBM and role of Cs* is to maintain charge neutrality and to stabilize the 3D
structure of {PbXs}* octahedra. Although other cations such as CHsNHs* with different size
than Cs* can indirectly influence the band gap of APbX3 perovskite through lattice expansion

or contraction.

1.5.2 Evolution of lead halide perovskites

Long back in 1958, Moller reported that CsPbXs crystals are intensely colored and exists in
the perovskite structure.®? Later, in 1999 Kagan et al reported thin film field effect transistor
from organic-inorganic Sn based perovskite.® At that time reasonably good field effect
mobility was reported (~0.6 cm?Vs?). After nearly one decade in 2009, Kojima et al.
reported solar cell based on organic-inorganic (CHasNH3Pbls) perovskite photoactive material
with 3.8% efficiency and interestingly an open circuit voltage (Voc) ~0.96 V.84 Soon after this
in 2012, two reports appeared with solar cell efficiency around 10% based on same
CH3NH3Pbls perovskite as the photoactive material.®>¢ Subsequently, first high efficiency
solar cell based on CHsNH3Pblz with efficiency more than 18% was reported in 2015 by Jeon
et al.8 Presently, certified solar cell efficiency ~23.3% is reported in CH3NHsPbls perovskite
based solar cell.? This unprecedented increase in solar cell efficiency in CH3sNHsPbls
perovskite within short span of time is a breakthrough in photovoltaic industry. But, organic-
inorganic lead halide perovskite suffer from poor thermal stability due to the presence of
volatile organic component (CH3NH3").8 Replacing organic cation (CHsNHs*) with Cs*
improves thermal stability and also retains the defect tolerance character because both VBM
and CBM are responsible for optical and transport properties are contributed by lead and
halide orbitals only.2° In 2015, Protesescu et al. reported colloidal CsPbX3 NCs for the first
time.® At present, many other optical and optoelectronic properties including LEDs, lasing

and photodetector are being studied extensively.

1.5.3 CsPbXs perovskite nanocrystals and defect tolerance

The first report on CsPbX3 perovskite NCs showed narrow emission spectral width (12 - 42
nm) and high PLQY ~90% from these NCs.® Although organic-inorganic lead halide
perovskite NCs were reported one year before in 2014 but lesser PLQY ~20% was reported
at that time.®® The later report where CsPbXs perovskite NCs show ~90% PLQY despite
having high SAV ratio and without any core-shell type surface modification is indeed
remarkable. Therefore, surface defects also show minimal interference in optical properties.

This triggered prompt reaction among researchers across globe and during last three years
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countless research articles have been published on these CsPbXs perovskite NCs.> %
Recently, CsPbXs perovskite NCs exhibit EQE beyond 20% matching with commercial
LEDs,* solar cells beyond 16% efficiency mark,%>®3 reduced PL blinking,®! and low threshold
for lasing.** Another advantage of CsPbXs perovskite NCs is that the composition can be
tuned with wider flexibility allowing tuning of optical band gap in the entire visible region as
shown in Figure 1.13a-b.®> The photographs in Figure 1.13a show intense emission color
under UV-lamp. The tuning of optical properties through size/shape dependent quantum
confinement adds more flavour in exploration of CsPbXs NCs. It is to be noted that the first
report suggested cubic perovskite structure adopted by these CsPbXs NCs.* Shortly,
Swarnkar et al. showed that CsPbBrs NCs exist in orthorhombic perovskite phase similar to
bulk CsPbBrs.> Interestingly, they compared narrow emission line width (~85 meV) in
CsPbBrs NCs with other benchmark CdSe, core-shell type CdSe/CdS-ZnS or organic
rhodamine-6G dye (see Figure 1.13c). Clearly, the emission color purity of CsPbBrs NCs is

far better than other two categories of materials.
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Figure 1.13: (a) Photographs of colloidal CsPbX3 NCs dispersions under UV light showing
bright luminescence colors depending upon compositions. (b) PL spectra of CsPbX3
perovskite NCs with tunable emission in the entire visible region depending on halide
composition. (c) PL spectra of CsPbBrs NCs compared with CdSe/CdS-ZnS core-shell type
heterostructured NCs and organic fluorophore rhodamine 6G. Panel a-b is reprinted from ref.
41 which is an open access article under ACS Editor’s Choice category. Panel c is reprinted
with permission from ref. 91. Copyright 2015 Wiley-VCH.

The origin of novel PL properties in CsPbXs perovskite NCs is attributed to its unique
electronic band structure.”® ® Figure 1.14 compares schematics of valence orbital band
diagram of CsPbX3z and 1I-VI (CdSe) or 11I-V (GaAs) semiconductors.! Due to the filled
outer valence shell inert pair 6s? present on Pb?*, VBM in CsPbXs is antibonding in nature
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whereas, in the case of CdSe or GaAs, the VBM has bonding contribution. Moreover in
CsPbX3 band structure, CBM is stabilized by spin-orbit coupling unlike the case of I1-V1, and
I11-V semiconductors. Thus, the combination of antibonding nature of VBM and stabilization
of CBM through spin orbit coupling is rare and distinctive in CsPbXs perovskite. In this
unique band structure, any non-bonding defect state from dangling bonds are expected to
either resonate within bands or forms shallow levels near VBM or CBM.% Such materials are
termed as defect-tolerant semiconductors while traditional CdSe NCs are termed as defect-
intolerant semiconductors. Eventually, a defect tolerant CsPbX3 perovskite NCs are ideal host
to dope optically active metal ions such as Mn and Yb. In this thesis we combine novel defect
tolerant CsPbX3 perovskite NCs and dopants (Mn or Yb) to tailor optical functionality of
doped CsPbX3 NCs.
Electronic structure

Defect-intolerant Defect-tolerant

Traps in '

pandgap VBM I,-—t—; "

v P ARIREY h

—*,_, Pb (63)

Figure 1.14: Schematics of valence band structure of 11-VI or I11-V semiconductors (CdSe or
GaAs) in comparison with defect tolerant band structure of CsPbXs perovskite
semiconductors. Reprinted with permission from ref. 1. Copyright 2018 Nature Publishing
Group.

1.6 Ease and challenges in doping CsPbXs NCs

So far, two major strategies have been developed to dope CsPbX3 perovskite NCs, 1) one pot
synthesis where lead and dopant precursor are added together and reaction is carried out
leading to simultaneous nucleation and doping,®’ 2) postsynthesis strategy involving either
substitution of Pb by dopant metal aided by anion exchange®® or anion exchange of pre-
doped CsPbCls NCs to other compositions of doped-CsPbXs host NCs.}?® The widely
explored approach of doping in CsPbX3 perovskite NCs is one pot strategy or co-nucleation
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doping see schematics in Figure 1.15a.% In this co-nucleation doping, the doping and
nucleation occur simultaneously and cannot be decoupled unlike growth doping or dopant-
nucleation doping see schematics in Figure 1.15b-c. The latter two strategies namely growth
doping and dopant-nucleation doping are widely explored strategies to dope II-VI

semiconductor NCs but not yet successfully demonstrated to dope CsPbX3 NCs.

One pot synthesis of doping in CsPbX3 perovskite NCs is widely successful to dope Mn and
Yb in CsPbCls NCs, but faces cahllenges to dope CsPbBrs or CsPbls NCs.' This is probably
due to fact that Mn or Yb precursor dissolve as oleate precursor in organic solvents
containing strong Mn-O (402 KJ mol™?) or Yb-O (387 KJ mol™) bonds.* On the other hand
strength of Pb-X bonds decreases from Pb-Cl (301 KJ mol™) to Pb-Br (248 KJ mol™?) and Pb-
| (194 KJ mol™).1% As a result, the weaker Pb-Br and Pb-1 bonds in CsPbBrz and CsPbls NCs
create problem in co-nucleation step of doping in presence of strong Mn-O or Yb-O bond.
Recently, one pot colloidal synthesis of Mn-doping in CsPbBrz NCs is achieved in presence
of HBr which reduces strong Mn-O bonds to weaker Mn-Br bonds thus favouring co-

nucleation step.%?
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Figure 1.15: Schematics of vastly explored doping strategies to dope I1-VI semiconductor
NCs, (a) co-nucleation doping, (b) growth doping, (c) dopant-nucleation doping, (d) diffusion
doping and (e) ion exchange doping. Co-nucleation doping and ion-exchange processes are
widely adapted strategies to dope CsPbXsz perovskite NCs. Panel a-e is reprinted with
permission from ref. 32. Copyright 2017 Wiley-VCH.

Another approach to address doping challenge is diffusion doping or ion-exchange doping
see schematics in Figure 1.15d-e.3? In diffusion controlled doping, the insertion of dopants
into crystal lattice NCs is achieved through diffusion process often aided with annealing in 11-
VI semiconductor NCs. This type of strategy again if tried in a conventional way involving

use of oleate precursors dissolved in organic solvents fails to dope CsPbBr3 or CsPbls NCs.
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Chapter 3 and 4 in this thesis discusses novel postsynthesis strategy to achieve Mn and Yb
doping in CsPbBrs and CsPbls NCs at room temperature. On the other hand, ion-exchange
doping where typically cation is exchanged is well known for 11-VI semiconductor NCs, but
CsPbX3 NCs show reluctance towards cation exchange processes. There are few reports
where cation exchange of Pb with Mn aided by anion exchange process is claimed but leads
to increases in band gap by forming mixed halide Mn-doped CsPb(Br,Cl)s NCs.%%°
However, benefitting from fast anion exchange processes in CsPbXs: NCs. Pre-doped
CsPbCl3 NCs can be used as templates for synthesizing other doped compositions as well.*%
This anion exchange is a newer strategy to dope all compositions of CsPbX3 but in traditional

I1-VI semiconductor NCs favourable cation exchange is used to dope metal ions.

Doping can be substitutional where dopant replaces the native atom from its lattice position
or interstitial where dopant sits in the interstitial site of host lattice. In both the cases doping
metal ion in semiconductor NCs including CsPbXs perovskite NCs is often associated with
strain affecting quality of crystals. Annealing at high temperature improves quality of crystals
by kicking out these defects. In order to minimize this strain and to achieve successful doping
in 11-VI semiconductor NCs, often dopants with ionic radii similar to the substituted host ion

is choosen.

1.7 Doping for stability of CsPbXs perovskite NCs

Till now we discussed doping with the idea of tailoring properties. But in recent time, a new
direction has been introduced. It has been reported that Mn-doping can improve stability of
CsPbX3z perovskite NCs.2%1% |mportantly, there is an outstanding problem, that the
optoelectronically active black perovskite phase of CsPblz NCs has limited stability in
ambient conditions at room temperature. The black phase transforms to the optoelectronically
inactive yellow phase with time.'%* It has been proposed that doping Mn improve the stability
of the black phase of CsPbls NCs, without deteriorating the optoelectronic properties of the
host.1% This interesting observation has motivated us to understand the mechanistic insights
behind improved stability of Mn-doped CsPblz NCs. Chapter 4 of this thesis discusses the

issue in details.

1.8 Pb-free perovskites

Toxicity and instability of Pb-halide perovskite, along with scientific curiosity lead to
extensive search for Pb-free perovskites. In order to look for possible replacements for Pb?",
one way is to look for metal halides exhibiting defect tolerant electronic band structure
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similar to CsPbX3 perovskite. Two major aspects wherein metal ions possess nS? electrons in
outermost S orbital giving rise to antibonding VBM and stabilization of CBM through spin
orbit coupling are considered to be prerequisite for such defect tolerant band structure. Table
1.1 highlights possible replacements of Pb?* with other ions having same valence electronic
configuration and thus outermost nS? electrons. Replacement of Pb?* by these cations thus

expected to retain the antibonding nature of VBM.

Gez*

Int* | Sn2* | Sh3*

TI* | Pb2 | Bi3*

Table 1.1: P-block elements having same valence electronic configuration as that of Pb?* and
thus outermost valence shell nS? inert pair of electrons. Ge?*, Sn?*, and In* shown in red are
unstable oxidation states.

Replacing Pb?* with Sn?* or Ge?* from same group of periodic table see Table 1.1 are ideal
choices since the charge of B-site cation remains +2, that is required to retain 3D perovskite
structure. However, Sn based analogue CsSnXs perovskite NCs have been reported but
exhibit poor PLQY (< 1%) probably due to weak spin orbit coupling of CBM.X%® More
importantly, Sn?*/Sn** oxidation potential is -0.15 V compared to oxidation potential of
Pb?*/Pb** (-1.67 V) and suggests Sn?* is prone to oxidation.!® Ge in +2 oxidation state is
even more unstable and readily oxidizes to Ge* (Ge?*/Ge*" = 0 V).1% These instabilities of
Sn and Ge in +2 oxidation state is not serving the purpose and control over such parameters is
difficult to achieve. Although, Sn** based Cs,Snls having vacancy ordered double perovskite
structure have been reported in bulk and NCs of various shapes.’?-1% But again PLQY
reported is < 1% not expected from a defect tolerant system. Replacing Pb?* with Sb®" creates
charge imbalance in perovskite structure and thus leads to decrease in structural
dimensionality to a 2D layered perovskite.'% Nevertheless, CssShzls and RbsShzlg 2D layered
perovskites NCs also showed poor PLQY (~6.7%).1%°110 Also reduction in dimensionality
decreases band dispersion and thus increase in effective masses, which is detrimental for
carrier mobilities. Similarly, CszBi>Xg NCs were also reported in low dimensional structures
with poor PLQY (< 1%).11% On the other hand replacing Pb?* with TI* retains both outermost
nS? inert pair and strong spin orbit coupling of CBM in TIX. We note that Pb?* and TI* are

isoelectronic However, TIX doesn’t exist in perovskite structure. But electronic band
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structure of TIX is very similar to that of CsPbX3s perovskite. This motivated us to explore
synthesis and photophysics of TIX (X = Br, 1) NCs discussed in detail in chapter 5 of this
thesis.

Another strategy to design Pb-free metal halide perovskites is 3D double halide perovskites.
Two divalent Pb?* cations when replaced with one monovalent (M*) and other with trivalent
(M3") cation forms Cs;M*M3"Xs double perovskite structure see Figure 1.16.1* M3* are
mostly Bi** and Sb3* retaining outermost s orbital inert pair, while M* cations are Cu*, Ag"*,
TI*, Au™ and In*. The major advantage for double perovskite is that the charge neutrality can
be maintained by two different kinds of cations, which lead to the formation of desired 3D
perovskite phase. A total of 11 compounds were predicted to be both stable with suitable
band gaps using first-principle calculations.’'! However, later it was reported that most of
these double perovskites have large and indirect band gaps see ref.112-113

2[pb20xvu6] M ~xvn6 w‘;’xvu6 o—
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Figure 1.16: Transmutation of two Pb?* cation in APbX3 (CsPbXs) perovskite structure by

one monovalent (M*) and one trivalent (M) cations forms metal halide double perovskite

structure with general formulae A,M*M3"Xe. Reprinted with permission from ref. 111.
Copyright 2017 American Chemical Society.

Overall, different Pb-free metal halides perovskite are still being explored. But unfortunately,
optoelectronic performance of Pb-free perovskite are still inferior compared to Pb-based

perovskite.

1.9 Scope of this thesis

In 2015, CsPbXs (X = CI, Br,l) perovskite NCs emerged as novel defect tolerant
semiconductor NCs exhibiting 90% PLQY with narrow emission linewidth.> There was a
need to combine the defect tolerant CsPbX3 host perovskites with the dopant properties to

tailor optical functionality and to enhance the stability of host perovskite structure.

When 1 started my PhD, no synthesis protocols were reported to dope these newly emerged

defect tolerant CsPbXs hosts. Consequently, a major scope of my thesis became the synthesis
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of Mn- and Yb-doped CsPbX3 perovskite NCs. We reported Mn-doping in CsPbCls NPLs for
the first time exhibiting Mn-emission employing one pot synthesis at room temperature
discussed in chapter 2. But the same Mn-doping in narrower band gap CsPbBrs host NCs
through one pot synthesis did not work well. Also, the role of Mn-doping on optical
properties of Mn-doped CsPbCls NCs showed inconsistency in three reports including ours at
that time.®” 190 114 There was then need of novel strategy to dope narrower band gap CsPbBr3
perovskite NCs and to study in a controlled way, the role of dopants on optical properties of
host NCs. We then addressed this challenge in chapter 3 employing novel postsynthesis
strategy, first to achieve Mn-doping in narrower band gap CsPbBr3 NCs, and then the role of
Mn-doping on optical properties of host is studied more reliably. On the other hand,
lanthanide (Ln®") doping in semiconductor hosts was challenging due to unfavourable
tetrahedral coordination environment in semiconductors such as CdSe, Si, GaAs etc.
Interestingly, Pb?" in CsPbX3 perovskite structure has octahedral coordination environment
and are narrower band gap semiconductor host for Ln3* doping. We, therefore dope Yb®**
dopant, the one with the simplest f-orbital valence energy structure among all Ln** dopants
by simply extending our postsynthesis strategy for Yb-doping. Subsequently, we report Yb-
doping in all composition of CsPbXs (X = Cl, Br, 1) perovskite NCs including various shapes.
Yb-doping in narrower band gap CsPbBrs and CsPbls NCs is observed for the first time
employing our postsynthesis strategy unlike prior reports of Yb-doping in wider band gap
CsPbCl;3 or CsPbClaxBryx NCs.>% ™

So far, we employed doping to tailor optical properties but a new direction was reported that,
doping Mn?* can improve structural stability of host CsPbX3 perovskite NCs.1931% But, one
genuine concern is that undoped and Mn-doped CsPbXs NCs were obtained in two different
batches of reactions.'%1% Thus synthesis related inhomogeneity of host NCs could
overestimate the role of Mn-dopant. Consequently, there was need of controlled experiments
to examine stability aspect of CsPbXs perovskite NCs upon doping Mn. We, therefore
employed our postsynthesis strategy to understand more reliably the role of Mn-doping on
structural stability of host CsPbX3 NCs in chapter 4. Synthesis related inhomogeneity of size,
shape, and structure of host CsPbX3 NCs can be neglected in our postsynthesis. In addition,
postsynthesis doping allows us to study surface vs lattice contribution stabilizing doped
CsPbX3 NCs. Our key finding is that lattice contraction and surface passivation of Mn-doped

CsPblz NCs improves black phase stability compared to undoped CsPblz NCs.
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Finally, metal halides analogous to CsPbXs perovskite need to be explored to design Pb-free
defect tolerant semiconductor NCs. We find that TI* is ideal choice for replacing Pb?*
because both Pb?* and TI* are isoelectronic species. Also, TIX show strong spin orbit
coupling of CBM similar to the case of CsPbXz perovskites. Thus, TIX and CsPbX3
perovskite have similar valence electronic band structure. We, therefore, explored Pb-free
TIX (X = Br, 1) NCs synthesis for the first time which exist in non-perovskite structure but
with a scope of defect tolerant nature in chapter 5. PL spectroscopy along with THz
spectroscopy were employed to see interference of traps in optical and optoelectronic

properties of TIX NCs discussed in chapter 5.
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Abstract

Strong quantum confinement in Mn-doped semiconductor nanocrystals enhances dopant-
carrier exchange interactions. Here, we report the synthesis and optical properties of strongly
quantum confined, quasi two-dimensional, Mn-doped CsPbCls nanoplatelets. A room-
temperature synthesis was employed to prepare the platelets with thickness 2.3 nm (4
monolayers), which is significantly smaller than the Bohr excitonic diameter (5 nm) of
CsPbCls. Efficient transfer of excitonic energy of the host to the Mn?* dopant ions lead to a
spin-forbidden “T1 — 5A; Mn d-electron emission with the highest quantum yield ~20%, and
exhibit a long lifetime of 1.6 ms. Anion exchange reactions at room temperature lead to the
formation of Mn-doped CsPbBrz nanoplatelets, with weak Mn-emission. These newly
developed Mn-doped cesium lead halide nanoplatelets are suitable candidates to explore the
manifestation of quantum confinement on dopant-carrier exchange interaction, exhibiting

interesting magneto-optical properties.
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2.1 Introduction

Doping Mn?* ions in a low-dimensional semiconductor nanocrystal (NC) in the quantum
confinement regime provides fascinating optical,-* magneto-optical,*” and light harvesting,®
10 properties mainly because of the interaction of quantum confined charge carriers of the
host with the dopant ions. A defect-free semiconductor host NC will be ideal to realize the
efficacy of such phenomena. In this regard, colloidal cesium lead halide (CsPbX3, X = Cl, Br,
I) perovskite NCs have been recently proven to be a better defect-tolerant material compared
to traditional CdSe based NCs.**>1¢ Therefore, developing synthetic methodologies for Mn-
doping in low-dimensional CsPbXs NCs is naturally desired. Very recently (in October
2016), two reports appeared almost simultaneously demonstrating Mn-doping in CsPbX3
nanocubes,!’® but in both the cases, size of nanocubes were too big to exhibit strong
quantum confinement effect. Here we report Mn-doping in CsPbCls nanoplatelets (NPLs),

exhibiting strong quantum confinement.

CsPbXs NCs exhibited a plethora of interesting properties including, ~90%
photoluminescence (PL) quantum efficiency with narrow spectral width (FWHM = 85
meV),!! reduced PL blinking,'? low threshold for lasing,'® and a high carrier mobility within
a NC measured using terahertz photoconductivity®. These intrinsic properties have also been
culminated into optoelectronic devices such as efficient light emitting diodes (LEDs),** 15 20
solar cells,?! and photodetectors??. Better control of the synthesis of NCs and their surface
chemistry is the key to realize the above mentioned properties and applications. Protesescu et
al reported the first reliable synthesis of all-inorganic CsPbXs (X = CI, Br, 1) perovskite
nanocubes.'! Subsequently, Bekenstein et al>® and Akkerman et al?* reported the synthesis of
CsPbX3 NPLs employing different routes. There are other reports on controlling the shape
and compositions of Pb-halide based perovskite NCs.2>27282° Though a significant
improvement has been made in the synthesis of these NCs including nanocubes, NPLs, and
nanowires, still synthesizing stable nanocubes with edge-length smaller than 7 nm, and stable
NPLs less than 2 nm thick, are challenging.®® One unique advantage of all these NCs is the
postsynthetic anion exchange among CI, Br, and | achieving a desired composition with
bandgap across the UV-visible region.3-3334 Furthermore, growth of Au NCs on the corners

of pre-synthesized CsPbhX3 nanocubes has been reported recently employing a simple route.®

Development of synthetic chemistry of CsPbX3 NCs is progressing in a rapid pace, and got
further enriched by the recent reports of colloidal Mn-doped CsPbX3 nanocubes.*’*® In both

these reports, sizes of NCs were slightly bigger than the Bohr excitonic diameters, and
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therefore, the host NC do not exhibit strong quantum confinement effect. However, quantum
confinement of charge carriers (conduction band electron or valence band hole) of the host is
known to enhance the sp-d interaction between charge carriers and Mn dopants resulting into
giant Zeeman splitting of electronic states,>® which in turn exhibits interesting magneto-
optic, and even futuristic solotronic-optoelectronic properties’ in Mn-doped CdSe NCs.
Therefore, developing synthetic protocol of Mn doping in a quantum confined low-
dimensional CsPbX3 NC is an important step for future exploration of diluted magnetic
semiconductor properties of such perovskite NCs. Here we report doping of Mn in a quasi
two-dimensional CsPbX3 NPLs exhibiting strong quantum confinement effect, and study the

effect of excitonic energy transfer from the host to the dopant using PL.

2.2 Experimental Section

2.2.1 Preparation of Cs-oleate stock solution

CsCOs3 (1 mmol, 350 mg) was loaded in three neck round bottom flask (RB) along with 20
mL 1-octadecene (ODE) and 1.25 mL oleic acid (OA) following ref.?* The reaction mixture
was degassed minimum three time at 100 °C and then temperature is raised to 150 °C for
complete dissolution of CsCO3z in ODE. As prepared Cs-oleate solution is stored at room

temperature.

2.2.2 Preparation of PbCl: solution with and without Mn?* molecular precursor

PbClx (2 mmol, 556.22 mg) was dissolved at room temperature in mixture of solvents
containing 2 mL dimethyl sulfoxide (DMSO), 3 mL dimethylformamide (DMF), 0.25 mL
HCl and 0.25 mL HNO:;. Total volume of solution is 5.5 mL. As obtained solution is divided
into five parts with 1.0 mL PbCl, solution in each part. For doping Mn?" in CsPbCl; NPLs,
additionally x mol% MnCl,.4H,O with respect to Pb** was added and dissolved in 1.0 mL
PbCl solution. For (0, 0.5, 1, 5 and 10 mol% Mn?" with respect to Pb*"), a calculated
amount of ( 0 mg, 0.39 mg, 0.79 mg, 4.15 mg, 7.91 mg) of MnCl, . 4H,O was taken

respectively for undoped and x mol% Mn-doped.

2.2.3 Synthesis of Mn-doped CsPbCls nanoplatelets
All synthesis were carried out at room temperature under ambient atmosphere without extra
purification or drying of chemicals and solvents used in this work. CsPbCl; NPLs were

1_24

synthesized after modifying the reported synthesis described by Akkerman et al.”* To a

solution of 1.25 mL of ODE, 0.125 mL OA, 0.125 mL oleylamine (OLA) in a test tube at

room temperature under vigorous stirring, 0.1 mL already prepared Cs-oleate stock solution
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preheated to 100 °C was added and then 0.2 mL PbCl, with or without Mn?" precursor
solution prepared as mentioned above is swiftly injected followed by quick addition of 5 mL
acetone. The immediate appearance of white precipitate upon addition of acetone as
antisolvent signifies the formation of CsPbCl; NPLs. The supernatant is carefully thrown out
and white precipitate of CsPbCl; NPLs is dispersed in hexane or toluene. Further washing is
carried out carefully by using ethyl acetate as antisolvent and centrifuged at 4000 rpm
followed by redispersion of precipitate in hexane. These colloidal CsPbCls NPLs show
natural tendency to aggregate within few days, however colloidal dispersion of CsPbCl;

NPLs in hexane show prolonged colloidal stability upto a week under refrigeration.

2.2.4 Anion exchange

The anion exchange reaction in case of undoped and Mn-doped CsPbClz to CsPbBr; NPLs
was performed at room temperature. Typically 0.2 mL crude solution of CsPbClz NPLs was
diluted by adding 1 mL hexane in a glass vial under vigorous stirring and to this diluted
solution ImL PbBr; stock solution (PbBr2 261 mg dissolved in 1 mL OA, 1 mL OLA and 8
mL ODE at 130 °C) was swiftly injected. As obtained CsPbBr; NPLs were washed once
using ethyl acetate and centrifuged at 6000 rpm followed by redispersing precipitate in

hexane.

2.2.5 Characterization methods

Transmission electron microscopy (TEM) images and high resolution TEM (HRTEM)
images were collected on a UHR FEG-TEM, JEOL JEM-2100F electron microscope using a
200 kV electron source. Atomic force microscopy (AFM) data were collected using Keysight
atomic force microscope (model: AFM 5500) by using tapping mode technique. The sample
for AFM measurement were prepared by drop casting dilute dispersion of CsPbCls NPLs in
hexane on a silicon wafer followed by flushing with nitrogen and then further drying under
vacuum for about 6 hours. Powder X-ray diffraction (XRD) pattern were recorded for powder
samples using a Bruker D8 Advance x-ray diffractometer using Cu Ka radiation (1.54 A). X-
band electron paramagnetic resonance (EPR) measurements were performed on JEOL JES-
FA200 ESR spectrometer at room temperature. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) data was obtained by employing ARCOS M/s. Spectro, Germany.
Thermo scientific (Evolution 300) UV/Vis spectrometer was used for UV-visible absorption
measurements. Steady state PL and PL decay dynamics were recorded on FLS 980
(Edinburgh Instruments) using microsecond flash lamp with power 100W and nano-second
LED laser. For excitonic emission PL decay dynamics, 340 nm LED laser was used as
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excitation source and PL decay dynamics of Mn-emission at 586 nm were recorded using
microsecond flash lamp with 300 nm excitation. Photoluminescence quantum yield figures
were obtained for fresh samples. For excitonic emission quinine sulfate dye solution in 0.5 M
HCL was used as reference standard and for Mn-emission rhodamine 6G dye in distilled

water was used as reference standard.

2.3 Results and Discussion

2.3.1 Synthesis of colloidal Mn-doped CsPbCls NPLs

Colloidal Mn-doped CsPbCls NPLs were prepared at room temperature under ambient
atmosphere after modifying the method reported to prepare undoped CsPbBrs NPLs.%
Schematic in Figure 2.1 shows the simple synthetic protocol. Colloidal stability of these NCs
is for about 4-5 days, however, most of data presented here were measured using freshly
prepared samples for a better comparative study. Elemental analysis using ICP-AES of the
product show 0.1, 0.2, 0.8, and 2% Mn, for the added precursor concentration of 0.5, 1, 5, and
10 % Mn respectively, with respect to the Pb content. Clearly, only a small fraction of the
added Mn was present in the final product, suggesting difficulty in Mn doping into CsPbCls
NPLs, similar to other reported®®3” semiconductor NCs. This Mn concentration of the product
NC will be used as the dopant percentage throughout this chapter.

Step Il )
PbCl, + Step IlI:
MnCl,4H,0  Acetone

X

Step I:
Cs-oleate +

Mn-doped
Sty
OA + OLA + l CsPbCl; NPL
ODE. l\

]

\ =/
~ Room Tempt.

Figure 2.1: Schematics of synthesis of Mn-doped CsPbClz NPLs carried out at room
temperature and ambient conditions. OA, OLA and ODE are short notations for oleic acid,
oleylamine and 1-octadecene respectively.

2.3.2 Morphology and dimensional analysis of Mn-doped NPLs

Morphological aspects of all undoped and Mn-doped samples are similar. We discuss here
the morphology of 0.8% Mn doped CsPbCls NPLs, as a representative case. Schematics in
Figure 2.2a and recorded TEM image in Figure 2.2b show NPLs lying flat on TEM grid.
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Inset of Figure 2.2b shows a magnified view of such NPLs. A concentrated solution of the
sample often leads to face-to-face self-assembly of NPLs, and such self-assembled NPLs lies
perpendicular on TEM grid, similar to prior reports® 3¢ of CsPbBrs NPLs. Schematics in

Figure 2.2c and recorded TEM image in Figure 2.2d show self-assembled region.
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Figure 2.2: Morphology of 0.8% Mn-doped CsPbClz NPLs. (a) Schematics of NPLs lying
flat on TEM grid, and (b) TEM image of NPLs lying flat on the TEM grid; inset shows a
magnified view. (c¢) Schematics of face to face self-assembly of NPLs and lying
perpendicular on TEM grid. (d) TEM image of self-assembled NPLs lying perpendicular on
TEM grid. HRTEM images showing lattice fringes for NPLS (e) lying flat, and (f) lying
perpendicular on TEM grid. (g) Shows low-angle XRD data signifying the superstructure
formation by the self-assembled NPLs. (h) AFM image of NPLs and corresponding height
profiles (i and j) obtained from a NPL of the AFM image. Height profiles 1 (i) and Il (j)
represent the heights along the lines I and Il in the AFM image, after considering the
background height as zero.

These self-assembled NPLs in Figure 2.2d allow us to determine the thickness of our NPLs as
2.2 + 0.3 nm. HRTEM image (Figure 2.2e) of a NPL lying flat on TEM grid shows the single

crystalline nature of the NPL. The observed lattice planes can be assigned to both (200) plane
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of cubic and (200) plane of tetragonal CsPbCls. Likewise, the HRTEM image (Figure 2.2f) of
the NPL lying perpendicular on TEM grid can be assigned to both (110) and (200) lattice
planes for cubic and (101) and (200) and (002) plane of tetragonal phase. So the HRTEM
images are not sufficient enough to distinguish between cubic and tetragonal phase of
CsPbCls NPLs, and the issue will be discussed later using powder XRD data. Low-angle
XRD pattern of the sample shown in Figure 2.2g exhibits systematic diffraction peaks
originating from the self-assembled superstructure of the NPLs. The hierarchical structure
obtained by self-assembled staking of NPLs is termed as superstructure. The interplanar
distance of the superstructure obtained from such diffraction peaks correspond to 4.4 nm,
which accounts for thickness of the NPL along with the capping layer. Furthermore, AFM
image in Figure 2.2h and corresponding height profiles in Figure 2.2i and 2.2j, reveals the
thickness of the NPLs as 2.3 nm. This 2.3 nm thickness corresponds to 4 monolayer (ML) of

CsPbCls NPL assuming cubic or tetragonal crystal phase.
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Figure 2.3: (a) Schematic representations of Mn-doped CsPbCls NPL and their lateral
dimensions, right side of panel (a) shows face-to-face self-assembly of 4 monolayer NPLs
and the spacing in between NPLs. (b) Size-distribution plots of NPLs obtained from TEM
images in Figure 2.2.

The obtained average dimensions and the self-assembly of Mn-doped CsPbClz 4 ML NPLs
are schematically shown in the Figure 2.3a. The self-assembled NPLs are 2 nm apart which
corresponds to the organic capping layer thickness as schematically shown in the right side
panel of Figure 2.3a. Size distribution plots (Figure 2.3b) obtained from TEM images
summarizes the morphology of CsPbCls NPLs. These NPLs exhibit homogeneity in

dimensions with length = 32 + 4 nm, breadth =9 + 1.1 nm, and thickness = 2.2 + 0.3 nm.

2.3.3 Structural evidence of Mn-doping in CsPbCls NPL lattice
Bulk CsPbCls are known to exhibit structural polymorphs around room temperature. XRD
studies on bulk CsPbClz by Moller suggested cubic is stable phase above 47 °C, which
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undergoes a tetragonal distortion below 47 °C.*° However the extent of tetragonal distortion
is very small which is evident from a very small c/a ratio (1.007) at room temperature see
Figure 2.4a. Clearly, there is no major difference between the cubic and tetragonal phase of
bulk CsPbCls. Later, electron paramagnetic resonance (EPR) studies suggested more
polymorphs within a narrow temperature window between 25 and 47 °C.*° The energy
differences between these different structures are very small, and therefore, predicting the
expected crystal structure for CsPbClz NPLs at room temperature is challenging, because of
the significant but unknown energy contributions arising from organic-capped surfaces of
NPLs.
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Figure 2.4: Crystal structure and evidence of Mn-doping in CsPbCls NPLs. (a) Schematics of
unit cell for cubic and tetragonal phase of CsPbCls. Both cubic and tetragonal unit cell are
having similar lattice parameter with c/a ratio of 1.007. (b) Comparison of XRD data of NPLs
having different Mn contents with reference data for cubic and tetragonal phase of bulk
CsPbCls. (c) Magnified view of the XRD data showing a systematic shift in peak position
with Mn-doping. (d) X-band EPR data showing hyperfine splitting of Mn?* ions incorporated
in the lattice of CsPbCls NPLs. XRD patterns in panel (b-c), EPR (d) were shifted vertically
for a better presentation. Schematics in panel (a) is made following ref.%

A comparison of XRD patterns of Mn-doped CsPbClz NPLs with standard bulk patterns,
shown in Figure 2.4b, cannot distinguish between cubic and tetragonal phase of NPLs. Apart

from the similarity in the different structures, the analysis becomes more complicated
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because of the broadening of XRD peaks of NPLs. In fact, such complexity of analysis has
probably lead to different assignments of XRD patterns of CsPbClz NPLs in prior literature.
For example, ref!8 assigned orthorhombic structure, ref'’ assigned cubic structure, and ref*
assigned tetragonal structure of CsPbCls NPLs. We do not observe the splitting of XRD
peaks at 20 ~ 32°, suggesting possibility of cubic structure of CsPbClz NPLs over tetragonal
structure, but such assignment is not unambiguous because broadening of XRD pattern can
blur such splitting. Therefore, the exact assignment of the crystal structure of our Mn-doped
CsPbCls is not possible at present. However, all these concerned structures are very similar to
each other with three dimensional framework of corner shared PbCls octahedrons, where Cs
reside in the voids of the framework (Figure 2.4a). We mention here that further detail about
the crystal structure is not required to support the conclusions of this paper.

No impurity peak is observed in the XRD patterns of Mn-doped CsPbCls NPLs in Figure
2.4b suggesting the absence of any crystalline impurities. Interestingly, magnified view
(Figure 2.4c) of the XRD peak at 26 ~ 22° shows a small but systematic shift in the peak
towards higher 26 values with an increase in Mn doping. This shift gives the indication of Mn
incorporation in the lattice of CsPbCls NPLs, where Mn?* replaces Pb?*. lonic radius of Mn?*
in an octahedral coordination is 0.97 A which significantly smaller than that for Pb?* (1.33
A).*? This decrease in average cation size with an increase in Mn content shifts the XRD
pattern towards higher 26 values.

X-band EPR spectra of Mn-doped CsPbCls NPLs in Figure 2.4d shows sextet hyperfine
splitting patterns confirming isolated Mn centers with +2 oxidation state. It is to be noted that
interactions between Mn?* ions are known to broaden the EPR spectrum very efficiently, and
overlaps with sharp hyperfine patterns.*® The fact that the EPR spectra of our Mn-doped
CsPbCls NPLs clearly exhibit the sharp hyperfine splitting without much interference from
any broad EPR signals, rules out the possibility of unwanted clustering of Mn?* ions forming
a phase segregated state. The obtained hyperfine splitting energy is 8.6 mT (86 Gauss) for our
Mn-doped CsPbClz NPLs, which is very much similar to the hyperfine splitting energy (87
Gauss) observed in bulk Mn-doped CsPbCls. This observed value of hyperfine splitting
strongly corroborates the fact that Mn?* ions replaces the octahedrally coordinated Pb?* ions
in the lattice of CsPbCls NPLs.

2.3.4 Mn-doping introduces new emission channel at 586 nm
A comparison of UV-visible absorption and PL data of undoped and 0.8 % Mn-doped

CsPbCls NPLs is presented in Figure 2.5a. Absorption spectra of both samples are similar
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with lowest energy excitonic transitions at 355 nm (3.5 eV), which is significantly blue
shifted compared to the bandgap of bulk (420 nm, 2.96 eV)?* CsPbCls. This blue shift along
with the sharp excitonic features in the absorption spectra is a clear evidence of strong
quantum confinement of charge carriers in our CsPbClsz NPLs. Since the lateral dimensions
(length = 32 nm, breadth = 9 nm) are larger than the Bohr excitonic diameter'* (5 nm) of
CsPbCls, the observed quantum confinement is because of small thicknesses (2.3 nm) of the
NPLs, resulting into a quasi two-dimensional colloidal quantum-well** kind of structure

experienced by the charge carriers.
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Figure 2.5: (a) UV-visible absorption and PL data showing that the 0.8% Mn-doped sample
exhibit a new emission corresponding to the Mn d-d transition; insets show photographs of
colloidal undoped and 0.8% Mn doped sample under visible (Vis) and UV light (UV).
Variation of (b) PL spectra, (c) absorbance spectra, and (d) PL quantum yield for excitonic
and Mn emission, as a function of Mn doping concentration. In (d), open circles are data
point and solid lines are just guide to eye. In panel (a) UV-visible absorption and PL spectra
for 0.8% Mn doped sample were shifted up by adding 1.15 to y-axis data for a better
presentation.

Unlike absorption spectra, PL spectra of undoped and doped samples are distinctly different.
The undoped sample shows excitonic emissions in the UV region, whereas the 0.8 % Mn-
doped sample shows a strong emission at 586 nm along with suppression of the excitonic
emission. Photographs of colloidal NCs in the inset of Figure 2.5a shows both samples are
colorless under the visible light, however under UV-irradiation, the undoped sample show
faint bluish color, and in contrast the doped sample shows an intense orange color. This
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orange emission with peak maximum at 586 nm can be attributed to “T1 — %A; Mn d-d
transition.>*"-1® This combination of XRD shift, EPR hyperfine splitting, and Mn d-electron

emission, together confirms successful doping of Mn?* ions into the lattice of CsPbCls NPLs.

Variation in steady state PL intensity with Mn concentration from Mn-doped CsPbCls NPLs
iIs shown in Figure 2.5b. As the doping concentration increases, Figure 2.5b shows the
intensity of excitonic emission decreases sharply, and intensity of Mn-emission increases till
0.8 % Mn doping, above which, the intensity decreases for 2% doping. Similar results were
also obtained for Mn-doped in 11-VI semiconductors, where the best PL efficiency was
observed for about 1% Mn doping, and further increase in Mn content increases the
interactions between neighboring Mn?* ions decreasing the PL efficiency.*” The dopant
incorporation from 0% to 2% Mn does not change the optical band gap of CsPbClz NPLs as
shown in Figure 2.5c. Variation in reference quantum vyields of both Mn-emission and
excitonic emission with doping concentration is shown in Figure 2.5d. The highest quantum
yield for Mn emission obtained from a freshly prepared 0.8% Mn-doped sample is 20.3 %.
Undoped CsPbCls NPLs shows only 2.8 % total PL QY arising only from excitonic emission.
Similar low PL QY of CsPbClz NCs has been observed in most prior literature, unlike ~90%
QY for CsPbBrs NCs. Interestingly, after 0.8% Mn-doping, the total PL QY increases by an
order of magnitude to ~20 %. This increase in PL intensity after doping suggest that the
undoped CsPbCls; might also exhibit a defect-tolerant nature like CsPbBrs, but it shows lower
PL QY owing to its wider bandgap in the UV region. In a wider bandgap semiconductor, the
probability for forming deep mid-gap state arising from capping molecule or through
collision with surrounding molecule is more, and such mid-gap states are typically non-
radiative in nature and quenching the PL. In the case of Mn-doped samples, new mid-gap
levels are created within the NC lattice by Mn d states, which quench the excitonic PL more
efficiently, compared to surface related defects. Interestingly, these inner-core mid-gap Mn d
states are less sensitive to the surface/surrounding related non-radiative channels, and
therefore, emit light with enhanced PL QY.

2.3.5 Excited state dynamics shows millisecond lifetime of Mn-emission

PL decay profile (Figure 2.6a) of the excitonic emission (emission at 360 nm) of the undoped
CsPbCls NPLs can be fitted with a bi-exponential decay with lifetimes 2.4 ns (77%
contribution) and 6.6 ns (23% contribution). These results are similar to the lifetimes of
cesium lead halide NCs reported earlier.!*2 30 PL decay of the orange emission shown in
Figure 2.6b for 0.8% Mn-doped sample exhibits a very long lifetime of 1.6 ms, because of the
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spin-forbidden nature of the #T; to ®A; transition. Changing the Mn concentration in the range

of 0.1 to 2 % does not have a significant influence on the lifetime of this Mn d-electron

emission.
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Figure 2.6: PL decay dynamics of CsPbCls and Mn-doped CsPbCl3 NPLs. (a) Decay of
excitonic emission with emission at 360 nm after excitation with picosecond pulse LED
source at 340 nm. (b) Mn d-emission with emission at 586 nm after excitation with
microsecond flash lamp at 300 nm. In both figures, “Expt.” implies experimental data, and
“Fit” implies a bi-exponential fit in (a) and a single-exponential fit in (b).

2.3.6 Anion exchange of Mn-doped CsPbCls to CsPbBrs NPLs

After preparing Mn-doped CsPbCls NPLs, we attempted to achieve Mn emission by directly
synthesizing Mn-doped CsPbBrs NPLs, but the results were not encouraging. It appears that
Mn doping in CsPbBrz NPLs is more difficult compared to Mn-doping in CsPbCls NPLs.
Similar preference of Mn doping in CsPbCls nanocubes was also reported by Liu et al and
they suggested that the similarity in bond energies between Mn-Cl and Pb-Cl helps Mn-
doping in CsPbCls NCs.!” The reasons behind such selective Mn-doping in CsPbCls NCs,
and difficulty in Mn-doping during the nucleation and growth of CsPbBrz; and CsPblz NCs
need to be studied further. We will address this issue in next chapter of this thesis. Therefore,
to achieve Mn-doped CsPbBrs NPLs for curiosity purpose, we employed an alternative route
here, namely postsynthetic anion exchange reaction. Mn-doped CsPbCls NPLs were treated
with PbBrz solution to achieve Mn-doped CsPbBrs NPLs. This strategy of anion exchange

was adapted following the prior report of Liu et al.!’

UV-visible absorption and PL spectra of undoped CsPbCls NPLs to undoped CsPbBrz NPLs
is shown in Figure 2.7a, and Mn-doped CsPbCls NPLs to Mn-doped CsPbBrs NPLs is shown
in Figure 2.7b. Red shift in optical band gap shows the success of the employed anion

exchange methodology. Both the doped and undoped samples of CsPbBrz NPLs show PL
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peaks at ~440 and ~495 nm, probably arising from excitonic emission of CsPbBrs NPLs of
different thicknesses. However, PL arising due to Mn d-emission has been observed for Mn-
doped CsPbBrs NPLs (Figure 2.7b), but with weak intensity. XRD patterns in Figure 2.7c
suggest the success of anion exchange reaction converting CsPbClz NPLs to CsPbBrs NPLs.
Furthermore, PL decay dynamics (Figure 2.7d) with emission at 585 nm exhibit a millisecond
scale lifetime, agreeing with the spin forbidden Mn d—d transition. All these results suggest
the success of Mn doping in CsPbBrs NPLs through anion exchange starting from Mn-doped
CsPbCls NPLs. However, further details regarding the difficulty in Mn doping into the
CsPbBrs lattice and poor intensity of Mn emission will be addressed in next chapter.
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Figure 2.7: Optical absorption and PL spectra of (a) undoped CsPbCl; NPLs anion
exchanged to CsPbBr; NPLs, (b) Mn-doped CsPbCl3 NPLs anion exchanged to Mn-doped
CsPbBr; NPLs. (c) Powder XRD patterns of 0.8% Mn-doped CsPbCl3 NPLs anion
exchanged to Mn-doped CsPbBr; NPLs along with their bulk references. (d) PL decay
dynamics of Mn-doped CsPbBr; NPLs at emission 586 nm after excitation with a
microsecond flash lamp at 300 nm.

2.4 Conclusions

Mn-doped CsPbCls NPLs with thickness 2.3 nm (4 ML), length 32 nm and breadth 9 nm
were prepared. Incorporation of Mn?* ion in the lattice of CsPbCls NPLs were
unambiguously characterized using XRD, EPR and PL. These Mn-doped samples show

efficient transfer of excitonic energy from the host to dopant, finally yielding orange colored
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emission from the Mn d-electrons. PL lifetime of the Mn emission was as long as 1.6 ms,
owing to the spin-forbidden *T; to ®A; transition of Mn d-electron. Anion exchange reactions
can convert Mn-doped CsPbCls NPLs to Mn-doped CsPbBrz NPLs. A weak Mn emission
was observed in Mn-doped CsPbBrs NPLs. To the best of our knowledge, these Mn-doped
CsPbXs (X = ClI, Br) NPLs are the first report of Mn doping in CsPbX3 host exhibiting strong
quantum confinement of charge carriers. Such quantum confinement of charge carriers is
expected to enhance the sp-d exchange interaction between the host and dopant ion providing
interesting magneto-optic properties in future.
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Chapter 3
Postsynthesis Doping of Mn and Yb into Colloidal CsPbX3 (X =
Cl, Br, 1) Perovskite Nanocrystals

The work presented in this chapter is already published under following details. Mir, J. W.;
Mahor, Y.; Lohar, A.; Jagadeeswararao, M.; Das, S.; Mahamuni, S.; Nag A. Chem. Mater.
2018, 30, 8170-8178. Permission is taken for the whole article. Copyright 2018 American
Chemical Society.
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Abstract
Doping Mn and Yb into CsPbXs (X = ClI, Br, 1) nanocrystals (NCs) yields luminescence due

to de-excitation through d-d (yellow-red emission) and f-f transitions (near infrared
emission), respectively. However, till date, both the Mn- and Yb-emission are obtained from
perovskite NCs with wider band gap (<480 nm). To overcome this problem, we have
developed a post-synthesis doping method, where Mn and Yb can be easily doped into pre-
formed CsPbX3 NCs with band gaps in the entire visible region. Different morphologies like
nanoplatelets and nanocubes are doped. Since we dope pre-formed host NCs, the effect of
dopants on optical properties can be studied more reliably using the same batch of host NCs
for both undoped and doped samples. We find that the problem of absence of Mn-emission
from Mn-doped CsPbBrz NCs can be overcome by suppressing back energy transfer from Mn
to host NCs, either by increasing the band gap of host by quantum confinement or by
measuring photoluminescence at lower temperatures. Interestingly, dopants are found to
enhance the excitonic emission intensities and reduce the Urbach absorption tail, suggesting
reduced defect density compared to undoped NCs. These added functionalities and capability
to dope lower band gap materials can be explored further for near infrared light emitting

diodes, sensing and luminescent solar concentrators of desired colors.
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Postsynthesis Doping of Mn and Yb into Colloidal CsPbX; (X = Cl, Br, I) Perovskite Nanocrystals

3.1 Introduction

Colloidal cesium lead halide (CsPbXs where X = ClI, Br, 1) perovskite nanocrystals (NCs) are
now established as an interesting class of optical and optoelectronic materials.*™® It is thus
intriguing to dope optically active metal ions such as Mn?* or Yb®" in CsPbX3 NCs to impart
new functionalities for both fundamental curiosity and potential applications. Reports of Mn
doping*®!2 and Yb doping®**® appeared in recent times, but choice of host largely remained
CsPbClz, CsPb(Cl/Br)3, and quantum confined CsPbBrs NCs with wider (> 2.58 eV) band
gaps absorbing only UV-to-blue light. Doping in narrower band gap hosts like CsPbBr3 and
CsPblz NCs that can absorb the wide range of UV-visible light has not been explored. In this
manuscript, we dope Mn and Yb into such narrower band gap perovskite hosts by developing
a generic postsynthesis doping strategy. We also provide insights about dopant emission by
employing temperature-dependent photoluminescence (PL) spectroscopy.

Mn and Yb dopants emit intense light via inner core d-d and f-f de-excitation transitions at ~
600 nm (2.06 eV) and ~990 nm (1.25 eV), respectively. But in both the cases d-d and f-f
transitions are forbidden, so the dopants get excited via absorption of light by the host NCs.
This decoupling of absorption and emission processes leads to a large energy difference
between absorption from host and emission from dopant. For example, the dopant emissions
are ~1.07 eV and ~1.85 eV lower in energy compared to their absorption edge of host for Mn
and Yb-doped in CsPbCls NCs respectively.'% 1 Relying on this large energy difference and
high PL quantum yield (PLQY) of Mn-emission (QY 58 %) ° 1 and Yb-emission (QY 130
%),1* simple but innovative ways of boosting solar cell efficiencies,®™ *” including

luminescent solar concentrators (LSCs)*® ° can be designed.

Although, both CsPbBrs and CsPbls NCs have suitable band gaps to sensitize Yb-emission,
doping Yb in these NCs has remained a challenge so far. On the other hand, CsPblz NCs have
band gap lower than Mn-emission energy, so sensitization of Mn-emission via host
absorption is unlikely. Consequently, Mn-doped CsPblz NCs is not a good option for Mn-
emission, however, it should be noted that there is another research direction where such
doping is now being explored to increase the stability of the host for solar cell applications.?®
21 Unlike CsPbls, the typical band gap of CsPbBrs nanocubes is sufficiently wide (~2.48 eV,
500 nm) to sensitize Mn-emission. But often, Mn doping into CsPbBrz nanocubes do not
exhibit Mn-emission.* 2! Introduction of Mn dopants through direct colloidal synthesis in
CsPbBrs nanocubes is difficult to achieve using MnBrz precursor which solubilizes in the
reaction mixture as Mn-oleate complex containing Mn-O bond.!! This difficulty is due to the
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higher bond dissociation energy of Mn-O (402 KJ/mol) compared to Pb-Br (248.5 KJ/mol).!*
In other words, strong driving force is required to incorporate Mn from Mn-oleate precursor
to form CsPbixMnyBrs product. Recently, Mn-doped CsPbBrs NCs were reported through
similar hot injection method?? but by using an additional entity, namely, HBr. This HBr
converts Mn-oleate to Mn-Br which drives Mn doping inside CsPbBr3 NCs. Mn-emission is
observed from these Mn-doped CsPbBrs NCs with optical band gap > 2.58 eV (< 480 nm).?
But the QY for Mn emission decreases systematically from 27% to 1.6%, by decreasing the
band gap from 2.72 eV to 2.58 eV with increasing size of CsPbBrz NCs. Mn emission has not
been reported yet using CsPbBrz NC host with narrower (< 2.58 eV) band gap. Also, to the
best of our knowledge, Yb-doping has been reported only for CsPbClz and CsPb(CI/Br)3
NCs.?315 Clearly, doping both Mn and Yb into CsPbXs NCs with narrower band gap still

remains a challenge.

Here, we have designed a simple postsynthesis strategy to dope Mn in CsPbBrs; nanoplatelets
(NPLs) and nanocubes. The nature of Mn-Br bond between introduced precursor and bond
required to form in Mn-doped CsPbBrz lattice remained same for all these samples, but the
optical band gap of the host varied from 2.92 to 2.53 eV by controlling the size and shape of
the host. A detailed characterization shows the presence of dopant in all the samples, but the
intensity of Mn-emission decreases systematically with decreasing the band gap of the host.
We find that the back energy transfer from Mn to host is the dominant mechanism for
quenching the Mn emission with decreasing band gap. Our postsynthesis doping strategy can
successfully dope all compositions of CsPbX3 (X = ClI, Br, I) nanocubes and NPLs yielding
near infrared (NIR) Yb-emission.

3.2 Experimental Section
3.2.1 Cs-oleate precursor solution
Prepared by dissolving 350 mg of Cs.COs in 20 mL 1-octadecen (ODE) and 1.25 mL oleic

acid (OA) in inert atmosphere at 150 °C and stored for further use.?3

3.2.2 CsPbBr3sNPLs

Synthesis of CsPbBrs NPLs is carried out at room temperature under ambient atmosphere
following ref.?® But reactions are scaled up by 4 times. Typically 5 mL ODE, 0.5 mL OA
and 0.5 mL oleylamine (OLA) are taken into a 50 mL centrifuge tube followed by addition of
0.5 mL Cs-oleate precursor solution (0.1 M, preheated at 100 °C) under vigorous stirring.
After that, 0.8 mL PbBr2 precursor solution prepared by dissolving 2 mmol (735 mg) PbBr2in
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5 mL DMF is injected to the reaction mixture. Within ~10 s, slight white turbidity appears
and 20 mL acetone is swiftly injected into reaction mixture to quench the reaction. Then the
reaction mixture is centrifuged at 6000 rpm (1-2 mL hexane is added to this crude solution to
prevent immiscibility with excess acetone) for 5 minutes. The wet pellet obtained is
redispersed in 2-3 mL hexane and washed again by adding methyl acetate (MeOAc) as
antisolvent (typically 1 : 2 v/v ratio of hexane : methyl acetate). The resulting turbid solution
is centrifuged at 6000 rpm for 5 minutes and pellet obtained is redispersed in hexane for
postsynthesis doping and characterization. The above procedure results into 5 monolayer
(ML) CsPbBr3 NPLs as desired product. To control thickness of CsPbBrz NPLs to 4 ML and
3 ML 20 pL and 40 pL HBr is added to the 0.8 mL PbBr precursor solution, respectively.
The remaining procedure is same as described for 5 ML NPLs.

3.2.3 CsPbBrsnanocubes

Colloidal CsPbBrs nanocubes were synthesized through hot injection synthesis after minor
modifications of the protocols reported in ref.12 PbBr, (0.5 mmol, 183.5 mg) and 12 mL
ODE are loaded into three neck round bottom flask (RB) connected to schlenk line apparatus.
The reaction mixture under continuous stirring was degassed in alternating vacuum and
nitrogen at ~100 °C for 30-45 minutes. Then, 1.5 mL OA and 1.5 mL OLA are injected into
the reaction mixture under N2 flow. Again the reaction mixture is degassed in alternating
vacuum and nitrogen for next half an hour. The temperature of reaction mixture is set to 130
°C under continuous N2 flow. Once the reaction mixture becomes clear at set temperature 130
°C, 1 mL Cs-oleate from stock solution (0.1 M, pre-heated at ~100 °C) is quickly injected
into the reaction mixture. A light green color appears within ~5 s and the reaction is
quenched immediately by immersing the flask into liquid nitrogen bath. CsPbBr3 nanocubes
are then precipitated at room temperature by addition of excess methyl acetate to crude
solution of nanocubes till turbidity appears and centrifuged at 6000 rpm for 5 minutes. The
obtained pellet is redispersed in 2-3 mL hexane after discarding supernatant. The 2" washing
is carried out by adding methyl acetate (~1 : 2 v/v ratio of hexane : methyl acetate) and
centrifuging again at 6000 rpm or 5 minutes. The obtained pellet is finally redispersed in

hexane and stored for postsynthesis doping and further studies.

3.2.4 CsPbCls nanocubes

CsPbClz nanocubes are synthesized following same procedure as adapted for CsPbBrs
nanocubes but with following differences in precursor concentration. For synthesizing
CsPbClz nanocubes PbCl> (0.752 mmol, 209 mg), 20 mL ODE were initially taken in RB and
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then 2 mL OA, 2 mL OLA, 2 mL TOP are injected at 100 °C after degassing. The reaction in
this case is carried out at 160 °C by injecting Cs-oleate 1.4 mL (0.1 M) followed by

immediate quenching.

3.2.5 CsPbls nanocubes

Synthesis and washing procedure are similar for both CsPbls and CsPbBrz nanocubes. For
synthesis of CsPbls nanocubes, Pbl> (1 mmol, 461 mg), 20 mL ODE, 2.5 mL OA, 2.5 mL
OLA followed by injection of preheated Cs-oleate solution 2 mL (0.1 M) at reaction
temperature 120 °C gives desired product.

3.2.6 Doping Mn?* and Yb?* in CsPbX3 NCs (both nanocubes and NPLSs)

For efficient and facile postsynthesis doping, the desired CsPbX3 NCs are washed minimum
two times as described above in synthesis procedure of NCs. Our postsynthesis doping is
carried out at room temperature and ambient atmosphere. Initially, freshly prepared Mn
precursor solution is obtained by dissolving MnBr. salt in a mixture of acetone : toluene
solvents in the volume ratio of 1 : 3 respectively with the help of sonication. The volume
ratio has been optimized to minimize the polarity of precursor solution detrimental for
colloidal stability of CsPbXs NCs. Similarly, Yb precursor solution is obtained by dissolving
Yb(NO3).5HO in a mixture of methyl acetate : toluene in the same volume ratio of 1 : 3
respectively. Next undoped NCs dispersion obtained after synthesis and washing are divided
equally in different vials. Different amounts of dopant precursor solution are then added to
the NCs dispersion under continuous stirring for 1 minute to achieve different dopant
concentrations. Once Mn or Yb is doped, the product NCs are then washed using MeOAc as
anti-solvent to precipitate the NCs. The wet pellet obtained after centrifugation is redispersed
in hexane. In case of Mn doped CsPbBr3 NPLs, additional level of purification is achieved by
refrigerating the dispersion of Mn doped NPLs in hexane for 2-3 hours to remove unreacted
precursors that precipitates out at low temperature. The supernatant is decanted and stored for

further studies after discarding any precipitate obtained.

3.2.7 Characterization methods

Structural analysis is carried out using a Bruker D8 Advance X-ray diffraction (XRD)
diffractometer using Cu Ka (1.54 A) radiation. XRD patterns are recorded after drop casting
colloidal NCs on glass slides. Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images are collected by using a 200 kV UHR FEG-TEM, JEOL JEM 2100F

field emission transmission electron microscope. Atomic force microscopy (AFM) images
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are captured using Key sight atomic force microscope (AFM 5500) employing tapping mode
technique. Dilute dispersions of NCs are drop casted over Si substrate for AFM analysis.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis is carried out
using ARCOS simultaneous ICP spectrometer, Analytical Instruments GmbH, Germany.
Electron Paramagnetic Resonance (EPR) spectra are collected using a JES- FA200 ESR
spectrometer (JEOL, Japan) in X-band frequency range at room temperature and
measurements were carried out with powder samples. UV-visible-NIR absorption spectra are
recorded using a Perkin Elmer and Lambda-45 UV/Vis/NIR spectrometer. PL, PL excitation
(PLE) spectra and PL decay dynamics (time-correlated single photon counting) are recorded
using FLS 980 spectrophotometer (Edinburgh Instruments). For Mn and Yb PL decay
dynamics, microsecond flash lamp is used as excitation source. For excitonic PL decay
dynamics, picosecond pulsed diode laser (405 nm) is used as excitation source. Low-
temperature PL studies are carried out for NCs films on quartz substrates using a closed cycle
cryostat. Reference PLQY of Mn emission were calculated using rhodamine-6G dye

dissolved in ethanol as reference standard (® = 0.96).

3.3 Results and Discussion

3.3.1 Postsynthesis Mn-doping in CsPbX3 NCs

We developed a postsynthesis strategy to dope Mn and Yb in colloidal CsPbX3z NCs.
Undoped CsPbX3 NCs with desired compositions, size and shape are first prepared following
reported protocols.” 2% In the second step, postsynthesis doping methodology is employed to
dope a host either with Mn or Yb of desired concentrations, by employing a one-minute
reaction at room temperature. The schematic representation of Mn doping in CsPbBrz NPLs
is depicted in Figure 3.1a. When the postsynthesis doping reaction is carried out by
dissolving MnBr» into oleic acid forming Mn-oleate complex, the reaction fails to dope Mn in
CsPbBr3 NPLs as evident from absence of Mn emission (~596 nm) in corresponding PL
spectra in Figure 3.1b. Interestingly, addition of small amounts of HBr to Mn-oleate complex
dopes Mn into CsPbBrs NPLs with emergence of Mn emission (Figure 3.1b). However, use
of HBr during the postsynthesis doping degrades the quality of NPLs in terms of poor
colloidal stability and low PL QY. Based on these results, we developed a new precursor for
the postsynthesis Mn doping, avoiding both Mn-oleate and HBr. The new precursor is MnBr»
dissolved in a mixture of acetone : toluene = 1:3 (by volume) solvents. This mixture
optimizes the polarity of the medium in such a way that MnBr. get dissolved but the NPLs

still remain stable. Use of toluene alone could not dissolve the MnBr,, and higher
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concentrations of acetone destabilize the NPLs. As shown in Figure 3.1, the postsynthesis
doping using MnBr> solution yields clear Mn emission at 596 nm, without destabilizing the
NPLs. Therefore, this MnBrz solution precursor is used to achieve Mn doping into CsPbBr3

NCs throughout in this chapter.
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Figure 3.1: (a) Schematics showing postsynthesis doping of Mn in CsPbBrz NPLs, using
different precursor solutions. (b) Comparison of UV-visible absorption and PL spectra of the
products obtained after doping, with the starting undoped sample. Dotted arrows connect the
spectra in (b) with corresponding sample in (a). PL peaks ~ 500 nm is from 3D bulk-like
CsPbBrz and that ~ 596 nm originate from Mn emission.

The postsynthesis Mn doping strategy discussed for NPLs can be easily extended to dope
CsPbBrz nanocubes as well. It is important to note that our postsynthesis doping strategy does
not require a change in halide composition, in sharp difference with the reported®* halide-
exchange driven postsynthesis Mn doping. In that reported approach, MnCl> molecules are
reacted with CsPbBrs nanocubes yielding Mn-doped CsPb(CI/Br)z mixed halide NCs with a
wider band gap.?* Therefore, the halide-exchange driven doping method using MnCl;
precursor is not suitable to dope narrower band gap compositions of CsPbX3 NCs, unlike our
doping strategy. The complete mechanistic insights of the postsynthesis doping reaction are
not yet understood. But we believe that the doping strategy benefits from the dynamic nature
of ligand binding to adsorb dopants on the surface of NCs,?® and fast halide migration to

incorporate dopants into the CsPbXs perovskite NCs.2% 2" The doping concentrations of the
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product NCs are determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). All the dopant percentages mentioned in this chapter are the ones obtained from
product NCs employing ICP-AES spectroscopy, and are not the nominal precursor
concentrations.

3.3.2 Morphology and thickness of Mn-doped in CsPbBrs NPLs
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Figure 3.2: TEM image of (a) undoped and (b) 4.3% Mn-doped 5 ML NPLs. HRTEM
image: (c) one NPL lying flat on TEM grid and (d) NPLs stacked face-to-face lying
perpendicular on TEM grid. (e) Shows low angle XRD of self-assembled NPLs with an
interlayer spacing of 4.8 nm. AFM image (f) and corresponding height profile (g) of 4.3%
Mn-doped 5SML NPLs.

Figure 3.2a shows the TEM image of 5 monolayer (ML) thick CsPbBr3 NPLs. In accordance
with previous reports?®> 2 these NPLs have tendency to stack with each other laterally
allowing us to determine the thickness of NPLs ~3 nm. The lateral dimension of these NPLs
i 8.6 £ 1.3 nm x 45.7 £ 8.2 nm. TEM image in Figure 3.2b shows that the morphology and
dimensions of NPLs remain similar for 4.3% Mn doping. High resolution (HR) TEM image
(Figure 3.2c) of Mn-doped 5 ML NPL lying flat on TEM grid displays highly crystalline
nature of NPL. Figure 3.2d shows the HRTEM image of 5 ML Mn-doped NPLs stacked face-
to-face and lying perpendicular to the TEM grid. The interplanar distances correspond to
CsPbBrs NPLs similar to prior report.?® The self-assembled NPLs correspond to interlayer
spacing of 4.8 nm (see low angle XRD in Figure 3.2e, whereas, 3 nm corresponds to 5 ML

and 1.8 nm to organic ligands) similar to previous report.2 AFM image and corresponding
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height profile plot of Mn-doped 5 ML NPLs in Figure 3.2f-g confirms that the thickness of
these NPLs is 3 nm. Overall, the microscopic analysis confirms that the size and morphology

of NPLs remain similar before and after our postsynthesis Mn doping reaction.

3.3.3 Evidence of Mn-doping in lattice of CsPbBrs NPLs

To verify whether our postsynthesis doping method can incorporate Mn into the lattice of
CsPbBrz NPLs or not, we employed XRD and electron paramagnetic resonance (EPR)
spectroscopy. Figure 3.3a shows absence of additional impurity peak for the doped sample. A
magnified view of the XRD peaks in Figure 3.3b suggests that the peak for doped samples
slightly shifts to higher 20 values, suggesting substitution of Pb?* in the lattice with smaller
sized Mn?*. X-band EPR spectra (Figure 3.3c) recorded at room temperature for both 4.3%
and 1.6% doped samples show sextet hyperfine splitting patterns corresponding to Mn2* ions
isolated from each other. The hyperfine splitting energy of 9.1 mT is similar to previous
reports?! of Mn-doped CsPbX3 samples, suggesting incorporation of Mn?* into the lattice of
CsPbBr3z NPLs. As Mn concentration increases from 1.6% to 4.3%, the exchange interaction
between neighboring Mn?* ions increases, giving rise to a broad signal overlapping with the

sextet hyperfine pattern.
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Figure 3.3: (a) XRD patterns of undoped and 4.3% Mn doped samples, along with reference
XRD patterns for cubic and orthorhombic phase of CsPbBrz. (b) Magnified view of XRD
peak at 20 = 29.9°, (c) Room temperature X-band EPR of 1.6% and 4.3% Mn doped CsPbBr3
NPLs.

3.3.4 Mn-doping improving optical absorption and emission of 5 ML CsPbBrs NPLs
The new PL peak in Figure 3.4a after Mn-doping arises from de-excitation of Mn d-electrons
through spin forbidden “T; — ©A; transition.®® The intensity of Mn-emission initially
increases with Mn content reaching a maximum for 4.3% Mn doping for 5 ML CsPbBrs;
NPLs and then decreases upon further increase in Mn concentration. Similar dependence of

Mn-emission is usually observed? 3122 for different hosts, where intensity increases initially
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because of the increase in emitting dopant centers, but the increase in dopant concentration
increases exchange interactions between neighboring Mn, decreasing the emission efficiency
per dopant ion.3! An opposing interplay between both processes gives the maximum Mn-
emission at an intermediate dopant concentration. There are differences in prior reports on
how the intensity of excitonic PL varies with Mn doping concentrations in perovskite NCs.
Some reports*® 3+ 35 showed increase in excitonic PL intensity with Mn doping, another set of
reportst? 16. 32,3638 g ggested a decrease in excitonic PL intensity with Mn doping. There are
differences in synthesis protocols between different reports, and even within the same
synthesis protocols, presence and absence of dopant (Mn precursor) may also influence the
growth, influencing size and shape of NC and intrinsic defect levels in the host.®” 3 These
possible differences in synthesis of undoped and doped samples might be the reasons behind

the different results reported in literature.
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Figure 3.4: (a) PL spectra with intensity normalized by absorbance at excitation wavelength.
(b) Absorbance in logarithmic scale, where symbols are experimental data and straight solid
lines are guide to eye. (c) PL decay dynamics of excitonic emission (~464 nm), where
symbols are experimental data and solid lines are corresponding fit using a bi-exponential
decay function.

Our postsynthesis doping protocol provides a unique opportunity to achieve different dopant
concentrations starting from the same batch of undoped NCs. This methodology eliminates
most of the synthesis related inhomogeneity, to make the study of effect of dopant
concentration more reliable. Interestingly, Figure 3.4a shows that the intensity of excitonic
PL increases systematically with an increase in dopant concentration. Some prior reports
suggested that dopant ions probably passivate defect such as halide vacancies.!® 3* 35 To
further check such possibility, Figure 3.4b shows optical absorption spectra in logarithmic
scale highlighting that the Urbach tail*> #' below the excitonic or band gap transition
decreases with Mn doping. This decrease in Urbach tail infers decrease in disorder or defects

in the system, which agrees with the increase in excitonic PL intensity with Mn doping.
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Figure 3.4c along with Table 3.1 show that the average lifetime of PL decay for excitonic
emission (~464 nm) increases systematically with Mn doping, again suggesting the decrease

in non-radiative (faster decay) trap states.

Table 3.1: Best fit parameters of excitonic PL decay of Mn-doped 5 ML CsPbBrz NPLs,
corresponding to data shown in Figure 3.4c. The experimental data are fitted using bi-

t -t
exponential decay fit: 1(t) = I(0) + (a, exp™ + ayexp®) , where I(t) and 1(0) are PL
intensities at time ‘t’ and t = 0 s respectively, a;and a, are amplitudes of lifetime components
T, and T, respectively.

x% Mn-doped T1 T, a, a,
CsPbBrg NPLs | (ns (ns (%) (%)

0 1.0 4.7 99 1
1.5 1.4 49 | 985 (14
4.3 1.5 5.5 98 2
6.5 1.6 6.0 98 2

3.3.5 Thickness dependent emission color from Mn-doped CsPbBrs NPLs

After dopant concentration, now we will discuss how thickness of CsPbBrz NPLs can tailor
the optical properties. PL spectra of undoped 3 ML, 4 ML and 5 ML NPLs are shown in
Figure 3.5a. In Figure 3.5b PL spectra are compared for three representative samples one for
each 3 ML, 4 ML and 5 ML category, with optimized Mn content showing the most intense
Mn-emission in each category. For 3ML sample, the optimized dopant concentration happens
to be 2.8% Mn, for 4 ML 3.2% Mn, whereas, for 5 ML sample 4.3% Mn gives the most
intense Mn-emission. All three doped samples exhibit dual emissions. Inset of Figure 3.5b
shows the different colors coming out of the three samples upon irradiation with UV light (A
=365 nm).

Importantly, the relative intensity of Mn-emission systematically increases with decreasing
thickness of NPLs. PL decay dynamics of Mn-emission (Figure 3.5¢c) in 3 ML sample were
fitted using a single-exponential decay function with lifetime of 222 us arising from majority
of Mn on surface/sub-surface region. However, Mn-emissions from 4 ML and 5 ML samples
exhibit a bi-exponential decay. There is a systematic increase in longer lifetime (510 to 550

us) component with increasing NPL thickness. This longer lifetime has been attributed to Mn
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doped in the interior of NPLs. Mn dopant at the surface might experience some distortion in

the octahedral local structure,*” influencing both the lifetime and peak energy of Mn-

emission.
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Figure 3.5: (a) PL spectra of undoped 3 ML, 4 ML and 5 ML CsPbBrz NPLs. (b) Optimized
Mn-doped 3 ML, 4 ML and 5 ML NPLs exhibiting the most intense Mn-emission for each
thickness categories, inset shows photographs of dual color emission under UV-light source.
(4) PL decay dynamics of Mn-emission for Mn-doped in each thickness of CsPbBr3 NPLs.

3.3.6 Mn-doping in CsPbBr3 nanocubes

Now we will explore the efficacy of our postsynthesis Mn-doping protocol for doping
CsPbBrz nanocubes. Note that the synthesis procedure for undoped NPLs and nanocubes are
very much different, and therefore, expected to be somewhat different in terms of ligand
binding and related surface chemistry. TEM image in Figure 3.6a shows 1.9% Mn-doped
CsPbBrz nanocubes with edge length 8.4 + 1.2 nm. The highly crystalline nature of
nanocubes can be seen from lattice fringes displaying interplanar distance of 4.1 A and 2.8 A
corresponding to (020) or (112) and (004) or (220) planes of orthorhombic CsPbBrs
respectively. Optical absorption of both doped and undoped samples shown in Figure 3.6b
are similar. PL spectra (Figure 3.6b) of both the samples recorded at room temperature are
also similar showing only the excitonic emission and no emergence of Mn-emission in doped
sample. Similar to NPLs, an increase in excitonic PL intensity is also observed for nanocubes
after Mn doping. We note that a similar PL intensity is also observed when
tetrabutylammonium bromide (TBAB) is added to CsPbBr3 nanocubes (data not shown here),
probably passivating the surface defects. But absence of Mn-emission from the Mn-doped
CsPbBrs nanocubes raise doubt about the success of the employed doping methodology.
XRD patterns in Figure 3.6¢ shows that both the undoped and 1.9% Mn doped CsPbBrs
nanocubes are in orthorhombic phase similar to prior literature.> A magnified view of XRD
peak at 20 = 29.9° in Figure 3.6d suggests small shift towards higher 20 upon Mn-doping. In
order to further confirm whether Mn is doped or not, EPR is excellent tool to probe whether
Mn is doped in lattice or not. Interestingly, EPR spectra (Figure 3.6d) of Mn-doped CsPbBr3
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nanocubes show clear sextet hyperfine splitting lines with splitting energy of 9.1 mT,
suggesting (refer to earlier discussion corresponding to Figure 3.3c) the doping of Mn?* into

the lattice of CsPbBr3; nanocubes.
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Figure 3.6: (a) TEM image of 1.9% Mn doped nanocubes. (b) Comparison of optical
absorption, and PL spectra for undoped and 1.9% Mn-doped nanocubes. (c) Comparison of
XRD pattern of undoped and Mn-doped nanocubes. (d) Magnified view of XRD peak at 20 =
30.5°. (e) X-band EPR of 1.9% Mn-doped nanocubes is similar to that of 0.6% Mn-doped
NPLs.

So, EPR suggests Mn-doping but no Mn-emission is observed at room temperature for Mn-
doped CsPbBrz nanocubes. We have varied the Mn doping concentration in the range of 1.9%
to 3.9%, but none of the samples show Mn-emission at room temperature. The possible
reasons behind this absence of Mn-emission could be (i) slower transfer of excitonic energy
from host to dopant compared to excitonic recombination lifetime, (ii) high level of defect
density quenching the Mn emission, and/or (iii) back energy transfer from dopant to host
quenching Mn-emission. Lifetime for energy transfer from CsPbCls to Mn dopants have been
recently reported as ~380 ps.** %3 Detailed analysis of energy transfer lifetime for Mn-doped
CsPbBr3 nanocubes is not yet available. But Figure 3.5b shows intense Mn-emission from
CsPbBr3 NPLs. Also, the energy transfer lifetimes of Mn-doped in 11-VI semiconductors falls

in picoseconds scale.** 4> All these data suggest that the energy transfer lifetime from

73



Postsynthesis Doping of Mn and Yb into Colloidal CsPbX; (X = Cl, Br, I) Perovskite Nanocrystals

CsPbBr3 nanocubes to Mn is expected to be lower than a few nanoseconds lifetime of
excitonic emission from the host. It is to be noted that the rate of excitonic recombination in
CsPbBrs nanocubes is slower compared to CsPbCls nanocubes.! These results suggest that
slower energy transfer from CsPbBrs nanocube host to Mn dopants is unlikely to be the
reason behind the absence of Mn emission. The second possibility of high level of defect
density in CsPbBr3 nanocubes is also unlikely, since CsPbBrz nanocubes exhibit significantly
higher excitonic PL QY compared to both CsPbBrz NPLs and CsPbCls nanocubes which
exhibit strong Mn emission. Therefore, we investigate the third possibility, namely, back
energy transfer from dopant Mn to host as the probable reason for quenching Mn-emission

from Mn-doped CsPbBr3 nanocubes.

3.3.7 Mn-emission from 1.9% Mn-doped CsPbBrs nanocubes
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Figure 3.7: (a) Temperature dependent PL spectra recorded reversibly at 291 K, 22 K and
back at 291 K for 1.9% Mn doped nanocubes film. (b) Temperature dependent PL spectra of
undoped CsPbBrsz nanocubes. (c) Absorbance at 291 K and PL excitation (PLE) recorded at
22 K for emission at 610 nm. (d) Schematics depicting the Mn-emission emerging at 22 K
which otherwise remains quenched at 291 K due to back energy transfer from Mn to CsPbBr3
nanocube host. Straight arrows indicate radiative transitions and curved arrows are for non-
radiative transitions, namely, energy transfer (ET) and back energy transfer (BET).

Prior studies on Mn-doped CdSe NCs have shown similar back energy transfer quenching the
Mn PL QY.*- Since the optical band gap of host is slightly larger than the Mn-emission
energy, such back energy transfer will require thermal activation. This motivated us to study
PL at low temperatures. Interestingly, Figure 3.7a shows the Mn-emission (610 nm) from

74



Chapter 3

1.9% Mn-doped CsPbBrsz nanocubes at 22 K and the emission vanishes at 291 K in a
reversible manner during both heating and cooling process. Control experiments for undoped
CsPbBr3 nanocubes do not exhibit the 610 nm emission at low temperatures, as shown in
Figure 3.7b. PL excitation (PLE) spectrum (Figure 3.7c) at 22 K shows that the 610 nm
emission originates through excitation of CsPbBrz nanocubes. Since the Mn-emission
lifetime is very long in sub-ms scale compared to a few ns lifetime of excitonic emission,
even a relatively inefficient back energy transfer process can quench the Mn-emission. For
this back energy transfer, an energy barrier A, defined as the difference between peak
energies of excitonic emission and Mn-emission needs to be overcome. The process is
schematically shown in Figure 3.7d, wherein, energy transfer (ET) from host to dopant and
back energy transfer (BET) are depicted by curly solid line arrows. At low temperature BET

is significantly reduced allowing Mn-emission to occur.

3.3.8 Temperature dependent PL and barrier for back energy transfer

To understand the back energy transfer better, we have studied temperature-dependent PL of
both Mn-doped nanocubes and NPLs. Figure 3.8a shows that the excitonic PL of 1.9% Mn-
doped CsPbBrs nanocubes undergoes a red-shift with decreasing temperature, along with a
splitting of peak below 45 K, similar to prior reports'® 2 4° of undoped CsPbBrs nanocubes.
Figure 3.8b show the Mn emission starts appearing at ~225 K and systematically increases
with decreasing temperature. Also, Mn-emission shows consistent systematic red-shift upon
decreasing the measurement temperature. The red-shift is attributed to contraction of lattice
that increases the ligand field strength around Mn?* ijons at lower temperature, decreasing
energy gap between “Tiq and 8Ayq states.® Figure 3.8d shows temperature dependent PL
spectra of 2.8% Mn doped CsPbBr3 NPLs with 3 ML thickness. Figure 3.8e highlights the
increase in Mn emission intensity with decrease in temperature. In contrast to nanocubes
(Figure 3.8a), the excitonic PL undergoes blue shift with decreasing temperature for Mn-
doped NPLs. Since the temperature dependence of excitonic PL on shape of CsPbBrs; NCs is
not the focus of our present study, mechanistic insights behind this contrasting observation
will be discussed elsewhere. Figure 3.8c shows the ratio (Imn/lexc) Of integrated intensity for
Mn-emission (Imn) to excitonic emission (lexc) increases with decreasing temperatures for
both the samples. In the case of 3 ML sample, A is the largest as shown schematically in
Figure 3.9. At lower temperatures, A increases further for NPLs as evident from the blue-shift
in excitonic PL (Figure 3.8d). Both this increase in A and decrease in temperature is expected

to suppress the back energy transfer from Mn to host, therefore, monotonically increasing
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Imn/lexc With decreasing temperature. In the case of Mn-doped CsPbBrz nanocubes a minor
abnormality in Ivn/lexc is observed between 150 — 50 K region where the Imn/lexc slightly
decreases with temperature. This abnormal trend might be because of the fact that excitonic
PL peak for nanocubes red-shifts (Figure 3.8a) with decreasing temperature, therefore

decreasing A which may slightly favor the back energy transfer.
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Figure 3.8: (a) Temperature dependent PL spectra and (b) spectral region from 550 to 750
nm highlighting the increase in Mn emission intensity upon decrease in temperature for 1.9%
Mn-doped CsPbBrs nanocubes. (c) Ratio of integrated intensity of Mn-emission (Imn) to that
of excitonic emission (lex) for 1.9% Mn-doped nanocubes and 2.8% Mn-doped 3 ML NPLs.
The symbols denote experimental data and solid lines are guidance to observed trend. (d)
Temperature dependent PL spectra and (e) spectral region from 540 to 750 nm for 2.8% Mn-
doped CsPbBrz NPLs. Spectra in panel (a) and (d) have been shifted upwards for clarity in
presentation.

Overall, the experimental results suggest A and temperature has opposing effect on back
energy transfer. If temperature is constant, then increase in A should suppress the back energy
transfer, thus resulting into higher intensity of Mn-emission. This is precisely what we
observe (Figure 3.9), A is the smallest for CsPbBrz nanocubes resulting into absence of Mn-
emission at room temperature (Figure 3.6b). In the case of NPLs, A increases with decreasing

thickness of NPLs showing most intense Mn-emission for 3 ML sample (Figure 3.5b). This
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requirement of larger A for efficient Mn-emission in perovskite NCs can also explain
previous reports. For example, (i) Parobek et al?? showed PL QY for Mn emission increases
with decreasing size of CsPbBrz nanocubes increasing the A, and (ii) stronger Mn-emission
is observed from Mn-doped CsPbCls with higher A compared to CsPb(CI/Br)z nanocubes.
We note that different systems and A also might influence the energy transfer rate from host
to dopant, influencing the PL QY of Mn emission. But energy transfer lifetimes are expected
(sub-ns) to be an order of magnitude faster compared to the excitonic lifetime,3* %3 whereas
back energy transfer competes with extremely slow sub-ms Mn emission lifetimes. So we
expect that the back energy transfer is dominant quenching mechanism of Mn emission in
Mn-doped CsPbBrs nanocubes.
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Figure 3.9: Schematics summarizing the fate of exited state at 298 K, upon changing the
barrier (A) for back energy transfer in CsPbBrs NCs.

3.3.9 Synthesis, morphology and structure of Yb-doped CsPbXs nanocubes and NPLs

Final section of this manuscript is dedicated to adapt our postsynthesis methodology to dope
Yb in all compositions of CsPbXs nanocubes. Precursor solution of Yb(NOz)s in acetone :
toluene mixture with volume ratio 1 : 3 (similar to Mn-doping case) works well for the
postsynthesis Yb-doping is CsPbClz and CsPbBrs NCs. But presence of acetone destabilizes
the cubic phase of CsPblz nanocubes. Therefore, postsynthesis Yb-doping in all compositions
of CsPbXs NCs is carried out by replacing acetone with methyl acetate.” So our final Yb-
precursor is Yb(NOz3)s dissolved into the mixture of methyl acetate : toluene with volume
ratio 1 : 3, for all Yb-doped samples reported in this paper. The resultant doped NCs are
washed carefully without addition of excess polar solvents and optimized conditions are
mentioned in the SI. We have also demonstrated Yb-doping in CsPbBrs NPLs. Within our
knowledge, there is no prior report of Yb doping in CsPbBrs or CsPblz NCs. Optical band
gap of CsPbBrz nanocubes is 2.53 eV (490 nm) and that of CsPbls nanocubes is 1.96 eV
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(630 nm). Band gaps of both samples are sufficiently large compared to energy gap 2Fsp —
2F7, of Yb emission (~990 nm, 1.25 eV). So, one would expect Yb-emission from all halide
compositions of CsPbX3s NCs. Also, barrier for the vexing problem of back energy transfer
from Ybto CsPbX3 host should be high. This motivated us to dope Yb in all compositions of

CsPbX3 NCs.
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Figure 3.10: (a) TEM image of 0.7% Yb-doped CsPbBrz nanocubes. Comparison of (b)
XRD pattern and (c) magnified view of XRD peak at 20 = 30.55° for undoped and 0.7% Yb
doped CsPbBrz nanocubes. (d) TEM image of 0.6% Yb-doped CsPbCls nanocubes. XRD
pattern (b) and (c) magnified view of XRD peak at 26 = 30.8° for undoped and 0.7% Yb
doped CsPbBrs nanocubes.
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Figure 3.10a shows a representative TEM image of 0.7% Yb-doped CsPbBrs; with cubic
morphology. Figure 3.10b shows both undoped and Yb-doped CsPbBrs exist in orthorhombic
phase. Figure 3.10c suggest lattice doping of Yb in CsPbBrz nanocubes upon shift of XRD
peak at 20 = 30.55° towards higher 26 values in Yb-doped CsPbBrs nanocubes. Similarly,
cubic morphology and Yb doping is confirmed in CsPbClz nanocubes see detailed
characterization using TEM and XRD in Figure 3.10d-f. Overall, postsynthesis doping of Yb
in CsPbX3 nanocubes preserves morphology, size and structure of nanocubes before and after

Yb-doping.

3.3.10 Near IR Yb-emission from Yb-doped CsPbX3 NCs
Figure 3.11a shows PL spectra of undoped (dashed lines) and Yb-doped (solid lines) CsPbX3
NCs. The intensity of excitonic PL increases after Yb-doping for all compositions, similar to
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the case of Mn-doping discussed above. The relative intensity of Yb-emission measured
using NIR detector should not be correlated with excitonic emission of host that has been
measured with a different detector in the visible region. But the intensity of NIR Yb-emission
can be compared for different hosts. 0.6% Yb-doped CsPbCls nanocubes with the highest
band gap yield the highest intensity for Yb-emission compared to 0.7% Yb-doped CsPbBrs3
nanocubes. Previous literature suggests Yb-emission is somewhat sensitive to local
environment in the host.®>>2 In Figure 3.11a, peak position of the Yb-emission shows a small
blue-shift of ~20 nm as the host changes from CsPbCls to CsPbls nanocubes.
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Figure 3.11: (a) PL spectra of undoped and Yb-doped CsPbX3z nanocubes and CsPbBr3
NPLs. Dotted lines are for undoped samples, and solid lines of same color are for Yb-doped
samples. The relative PL intensity of excitonic emission of host in visible region should not
be compared with the NIR Yb-emission since the detectors for visible and NIR region are
different. (b) PL decay dynamics of Yb-emission from CsPbX3z nanocubes and NPLs are
fitted with single exponential decay function. Comparison of UV-visible-NIR absorption and
PLE spectra of (c) Yb-doped CsPbCls, (d) Yb-doped CsPbBrs, and (e) Yb-doped CsPbls
nanocubes.

PL decay dynamics of Yb-emission shown in Figure 3.11b are fitted with a single-
exponential decay function. A long lifetime ~0.4 ms is observed for Yb-doped CsPbBrz NPLs

and nanocubes, and further longer lifetime ~2.4 ms is observed for Yb-doped CsPbCls
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nanocubes. PL excitation (PLE) data for all the Yb-doped samples are shown in Figure 3.11c-
e. The similarity of PLE data with absorption spectra of host NCs confirms that the host NCs
absorb the excitation light. This excited host then excites the Yb-dopants, which then emit
light during the de-excitation process. Both longer lifetimes (Figure 3.11b), along with the
PLE data (Figure 3.11c-e) suggest doping of Yb into the lattice of NCs, similar to prior
reports.”> ¥ Prior literature suggested quantum cutting, where one high energy photon
absorbed by the host can excite two Yb-dopants.'* We have not made such quantitative
estimation in the present study, and therefore, do not comment on the exact mechanism of

downconversion of Yb-emission.

3.4 Conclusions

We have developed a generic postsynthesis strategy to dope Mn?* and Yb®" in the family of
CsPbXs perovskite NCs of various compositions and shapes. The host NCs are pre-formed
from a single synthesis and remains the same for different dopant concentrations, allowing us
to study the effect of doping on optical properties more systematically and reliably. These
Mn-doped and Yb-doped CsPbX3 NCs exhibit dopant emission along with excitonic emission
from host. Mn-doped CsPbBrsz nanocubes (optical gap 490 nm) do not exhibit Mn-emission at
room temperature. We find that the BET from dopant to host quenches the Mn-emission in
these nanocubes. This BET can be suppressed either by decreasing the temperature, or by
increasing A. Therefore, Mn-doped CsPbBrs nanocubes exhibit Mn-emission at temperatures
below 225 K. On the other hand, Mn-doped CsPbBrs NPLs can exhibit intense Mn-emission
at room temperature because of large A. We then extended our postsynthesis doping approach
to Yb-doped CsPbXs NCs of all halide compositions. NIR Yb-emission from Yb-doped
CsPbBrz and CsPbls NCs are reported here for the first time. We hope that this 1-minute
postsynthesis doping procedure can be extended to other sets of dopants and perovskites NCs,

in near future.
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Postsynthesis Mn-Doping in CsPbls Nanocrystals to Stabilize
Black Perovskite Phase
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Abstract

Long term stability of black perovskite phase of CsPblz in ambient conditions is an important
challenge for their optoelectronic applications in real life. Nanocrystalline size is found to
improve the stability of the black phase at room temperature. Furthermore, doping Mn is
proposed to improve the stability of black perovskite phase of CsPblz nanocrystals (NCs).
However, the undoped and Mn-doped CsPbls NCs are prepared in different batches with
somewhat different synthesis conditions thus obliterating the role of Mn on stability of black
phase of CsPblz NCs. Here, we elucidate the effect of Mn doping on the surface and lattice
energy of CsPbls NCs, stabilizing the black phase. For this purpose, we employ a
postsynthesis doping strategy which has an advantage that the initial host remains the same
for both undoped and Mn-doped samples. Uncertainties of size/shape, surface energy, and
structure through direct synthesis of undoped and Mn-doped NCs in different batches can be
neglected in our postsynthesis doping strategy, allowing us to study effect of dopant in a
more controlled manner. Our postsynthesis Mn-doping in CsPbls NCs shows that the black
phase stability in ambient conditions improves from few days for undoped sample to nearly a
month’s time for Mn-doped sample. We find that though surface passivation with dopant
precursor improve both colloidal and phase stability of black CsPbls NCs, it is the contraction
of lattice upon Mn-doping that mainly stabilize the films of black phase CsPbls NCs.
Similarly, we find that Mn-doped CsPbBrz NCs show improved ambient stability of
photoluminescence compared to the undoped sample.

Graphical abstract
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4.1 Introduction

Superior thermal stability of CsPbls makes it more desirable over organic-inorganic hybrid
perovskites like MAPbls (MA™ = CH3NH3") for optoelectronic applications including solar
cells.! But the optoelectronically active black perovskite phase of CsPbls is
thermodynamically not stable at room temperature, instead an optoelectronically inactive
yellow non-perovskite phase of CsPbls forms at room temperature. Therefore, efforts are on
to employ various material design tricks to stabilize the black perovskite phase of CsPbls at
room temperature. One of the most promising strategies to stabilize the black phase is by
doping Mn into CsPbls nanocrystals (NCs).2* But addition of Mn precursor during the
synthesis of NCs can lead to different surface energy, NC size, and even different crystal
structures namely o- and y-phase (discussed later), compared to the synthesis of undoped
NCs. Simultaneous change of multiple parameters makes it difficult to understand the role of
Mn in stabilizing the black phase. Here, we develop a postsynthesis doping strategy to get
more insights on the role Mn and thereby stabilizing the black phase of CsPbls NCs in

ambient conditions for a month or above.

All inorganic CsPbls perovskite were proposed as thermally stable perovskite with solar cell
efficiency already reaching to ~17%.%" Light emitting diodes®® (LEDs) and photodetectors*®
11 are also being made with black phase of CsPbls. It is noteworthy here that all inorganic
perovskite CsPbBrs and anion exchanged CsPblz exhibit commercially relevant external
quantum efficiency (EQE) exceeding 20%.1%12 While the optoelectronically active perovskite
structure of CsPbBrs is stable at room temperature, CsPbls easily forms (or converts into)
optoelectronically inactive non-perovskite yellow phase at room temperature.'**® This
instability of black perovskite phase of CsPblz in ambient condition is a roadblock for its
commercial applications. Swarnkar et al® reported that the black phase is achieved by making
colloidal NCs of CsPbls NCs, and attributed it to surface energy of NCs.®> Subsequent to that,
there are other reports as well suggesting small crystallite size helping the formation of black
phase of CsPbls.25" There are also reports of formation of black phase of bulk CsPbls, by
controlling reaction parameters such as rapid cooling of black CsPblz from high (>310 °C)
temperature to room temperature.'® It is important to note here that while Swarnkar et al.
assigned the room temperature black phase of CsPbls NCs as the cubic o-phase,® Sutton et al.
suggest the same room temperature black phase as orthorhombic y-phase for their bulk
CsPbls.*® Other recent reports also suggested room temperature black phase as the

orthorhombic y-phase of CsPbls thin films.1>2° Importantly, both the a- and y-phase have the
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three dimensional network of {Pbls}* octahedra, and termed as perovskite phase, unlike the
yellow &-phase where the 3D network is lost and termed as non-perovskite phase (see Figure
4.1). Both the a- and y-phase exhibit very similar optoelectronic properties.'® 2° Therefore,

the black phase irrespective of o or y are optoelectronically active and desired at ambient

condition.
Black Perovskite Phase ® @ 0 Yellow Non-Perovskite Phase
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Figure 4.1: Schematics of CsPbls black perovskite phase (a-CsPbls or y-CsPbls) which is
unstable at room temperature (RT ~293 K) in relative humidity (RH ~30%) conditions and
transforms to yellow non-perovskite phase (6-CsPblsz). Postsynthesis Mn doping stops the
transformation by stabilizing the black phase for about a month in ambient conditions. This
postsynthesis doping provides more controlled experimental conditions to understand role of
Mn on structural stability of CsPbls NCs wherein the initial host NCs remains the same
(obtained from the same reaction) for both the doped and undoped sample.

There are other strategies to improve stability of CsPbXs perovskite NCs such as
encapsulation (surface modification) of NCs into moisture-free matrix.® % 2131 In this
approach, the improved stability is achieved at the cost of additional
interface/shell/encapsulating material which often inhibits charge transfer/transport. A
different approach to stability is by optimizing the structural parameters by doping or
alloying at A3 or B> # 3 or X3°3% sjte ions where A = Cs, formamidinium, B = Pb,
different metal ions, and X = ClI, Br, I, in ABX3 perovskite structure. Alloying at the X-site
increases the band gap, which is not desired for solar cell and therefore, preferred X-site
compositions are largely | with minor contribution from other halides. The present
manuscript is on doping a few % Mn at B-site of CsPbls, such that the band gap and other
optoelectronic properties of host remain unchanged, but doping improves the stability.
Doping of Mn in CsPbX3z perovskite NCs was initially motivated to impart new optical
properties arising from Mn d-d atomic level transition.®”-* Soon after, Zou et al. suggested
improved stability of CsPbBrs NC lattice by incorporation of Mn.? Later, Akkerman et al.
showed that black phase of CsPbls nanocubes could be made stable under ambient conditions
for 30 days by alloying with Mn at B-site.® Subsequently, partial replacement of Pb(ll) with
different metal ions such as Mn(11),23 3440 Sn(1D*, Ge(11)*2, Bi(111)*3, Sr(11)**, Er(11)* in
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CsPbX3 have been reported to improve the stability of perovskite structure. In these prior
reports, undoped and Mn-doped CsPbXs NCs are prepared in two different synthesis. As a
result, in the presence and absence of Mn or other dopant precursors, or in other words a
small change in reaction conditions, can modify the surface energy, NC size and/or structure
of the host.” 14 20:29. 46 Ag discussed above, all these parameters can influence the stability of

black phase of CsPblz NCs at room temperature.

To understand the role of Mn doping in stabilizing the black phase, we employed
postsynthesis Mn doping. CsPblz NCs prepared from one single reaction are divided into two
fractions, and Mn is added only in one fraction and compared with the other undoped
fraction. We studied structure and optical properties of NCs in both the forms, colloidal
dispersions and films to understand surface and lattice contribution on the stabilization
process. Finally, the stability of Mn-doped CsPbls NCs films has been increased from few

days to a month under ambient condition by this postsynthesis Mn doping.

4.2 Experimental Section

4.2.1 Synthesis of colloidal CsPbls and CsPbBrs nanocubes

Cs-oleate precursor is prepared first by taking 0.5 g of Cs>,COs, 100 mL octadecene (ODE)
and 3 mL oleic acid (OA) in three neck round bottom flask (RB) and then dissolved at 150 °C
in inert atmosphere.®> The clear solution obtained is stored for further use. Colloidal CsPbls
nanocubes are then prepared through minor modification of reported procedure.® Pbl, (2.16
mmol, 1 g) and 50 mL ODE are taken in a three neck 500 mL RB connected to Schlenk line.
The contents inside RB are degassed at 100 °C overnight (~12 hours) to remove moisture
content. Then 5 mL OA and 5 mL oleylamine (OLA) are injected into the reaction mixture
followed by 2" round of degassing for 1 hour. The temperature is set to 180 °C under
continuous N2 flow. After clear solution is obtained at the set temperature, 18 mL Cs-oleate is
injected quickly followed by dipping the flask immediately in ice-water bath mixture to
quench the reaction. The obtained bright red colored solution (78 mL) is then washed
carefully as mentioned here. The whole crude solution is taken and anhydrous methyl acetate
(MeOAC) is added to this crude solution in 1:3 volume ratio respectively and then centrifuged
at 8000 rpm for 30 sec. The obtained precipitate is dispersed in ~5 mL anhydrous hexane.
Second washing is carried out in the same way by adding 15 mL MeOAc and again
centrifuged at 8000 rpm for 30 sec. The wet pellet is finally dispersed in 20 mL anhydrous

hexane or toluene for postsynthesis doping and characterization.
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CsPbBrs; nanocubes are prepared by modifying prior report.*” Typically, PbBr2 (0.5 mmol,
183.5 mg) and 12 mL ODE are loaded into 50 mL RB followed by degassing at 100 °C for 1
hour. In next step, 1.5 mL OA and 1.5 mL OLA are injected under N2 flow. Second round of
degassing is then carried out for half an hour. The reaction temperature is set to 130 °C under
continuous N2 flow. Once solution becomes clear at 130 °C, 2 mL Cs-oleate from stock
solution (0.1 M, pre-heated at ~100 °C) is injected followed by quenching the reaction
immediately by dipping flask in ice water bath. The crude solution is then washed twice using
MeOAc, and final pellet obtained is dispersed in 5 mL anhydrous hexane which is then stored
for postsynthesis doping.

4.2.2 Postsynthesis Mn doping

Postsynthesis doping of Mn in CsPbls nanocubes is carried out at room temperature and
under ambient conditions extending our prior report* (chapter 3) of Mn doping in CsPbCls
and CsPbBrs. Typically, Mn precursor solution is prepared by dissolving ~ 29 mg (0.093
mmol) of Mnlz in 2 mL MeOAc. Undoped CsPblsz NCs dispersion (from the above stock) is
taken in two vials each containing 1 mL. In one vial containing CsPblz NCs, 20 pL Mnl>
precursor solution is added under continuous stirring and kept on stirring for 1 minute to
prepare 4.8% Mn-doped CsPbls NCs. The second vial containing 1 mL undoped CsPblz NCs
is left as such without any doping and taken as control undoped CsPblz NCs. Similarly, Mn-
doping in CsPbBr3 nanocubes is achieved in the same way with only difference that MnBr>
(~20 mg in 2 mL MeOACc) is used as Mn precursor.

4.2.3 OLAI treatment

First OLAI is prepared by reacting OLA and HI as mentioned in prior report.*® OLAI
precursor solution is then made by taking ~30 mg OLAI (0.093 mmol) in 2 mL toluene. For
OLAI-treatment, 40 pL of this OLAI precursor solution is added to undoped CsPblz NCs

under stirring for 1-minute at room temperature similar to postsynthesis doping strategy.

4.2.4 Characterization methods

Bruker D8 Advance X-ray diffractometer with Cu Ko (1.54 A) radiation is used to measure
powder X-ray diffraction (XRD) patterns of NCs. Transmission electron microscopy (TEM)
and high resolution TEM (HRTEM) images are captured using 200 kV UHR FEG-TEM,
JEOL JEM 2100F field emission transmission electron microscope. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) meaurements are carried out using ARCOS

simultaneous ICP spectrometer, Analytical Instruments GmbH, Germany. UV-visible
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absorption spectra are recorded using Cary series UV Visible Spectrophotometers. Steady-
state photoluminescence (PL) spectra and PL decay dynamics using time-correlated single
photon counting technique are recorded using Edinburgh Instruments FLS 980
spectrophotometer. The samples are excited at 400 nm for recording steady state PL and 405

nm picosecond pulsed diode laser excitation is used for recoding PL decay dynamics.

4.3 Results and Discussions
4.3.1 Synthesis and characterization of colloidal Mn-doped CsPbls NCs
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Mnl, +

ﬁ
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Figure 4.2: Postsynthesis Mn-doping in colloidal CsPbls NCs. All the results are obtained
within 24 hours (day 1) from the preparation of samples. (a) Schematics showing
postsynthesis Mn-doping in CsPblz NCs using Mnl> solution as Mn precursor. (b) TEM
image of Mn-doped CsPblz NCs. HRTEM images of (c) undoped and (d) Mn-doped NCs
showing interplanar distances. (e) Comparison of powder XRD patterns of undoped and Mn-
doped CsPblz NCs film with reference data for cubic a-CsPbls and orthorhombic y-CsPbls
black perovskite phases. Dashed vertical lines indicate the shift in XRD peaks upon doping
Mn.

Postsynthesis doping of Mn in CsPbls NCs is carried out in two steps by extending the

methodology for the synthesis of Mn-doped CsPbCls NCs reported in chapter 3. At first, black
perovskite phase of colloidal CsPbls NCs are prepared through hot injection method and
washing is carried out with MeOAc following ref.> The purified colloidal CsPbls NCs are
then doped with Mn in the second step. Figure 4.2a shows schematics of postsynthesis Mn-
doping of CsPbls NCs using Mnl; precursor dissolved in MeOAc. Importantly, both undoped
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and Mn-doped samples in our postsynthesis doping method are derivatives of the same batch
(one reaction) of colloidal CsPbls NCs. When a pot-synthesis of Mn-doped CsPbls NCs are
carried out, and then compared with undoped NCs prepared by a separate synthesis, then the
presence and absence of dopants ions can influence the nucleation, growth, structure and
surface properties of the host NCs. Therefore, in our postsynthesis doping, there is no
difference in initial host NCs for both undoped and doped samples, which makes the

comparison between Mn-doped and undoped samples more reliable.

ICP-AES shows 4.8% Mn with respect to Pb in our product Mn-doped CsPbls NCs. Figure
4.2b shows representative TEM image of Mn-doped CsPbls displaying the cubic
morphology. The average size of nanocubes ~12 nm, and both morphology and size remained
unchanged before and after postsynthesis Mn-doping, when measurements are done within a
day from preparing the samples. Figure 4.2c-d shows HRTEM images of undoped and Mn-
doped CsPblz nanocubes respectively showing lattice fringes confirming high crystalline
nature of both the samples. Interestingly, interplanar distance of 3.96 A for undoped CsPbls
NC, reduces to 3.84 A in the case of Mn-doped CsPbls NC. These results suggest
postsynthesis Mn-doping is accompanied by lattice compression of host CsPbls lattice. This
lattice compression is possible if Mn?* is replacing Pb?* from its octahedral lattice site since
Mn?* is smaller than Pb?*. In order to ensure further whether Mn is really doped in CsPbls
NCs lattice, XRD patterns from the ensemble of NCs are compared before and after Mn-
doping in Figure 4.2e. XRD patterns also show peaks shift towards higher 26° upon doping
Mn as indicated by dashed lines in Figure 4.2e. This result confirms that Mn doping in
CsPblz NCs is accompanied with lattice contraction of host NCs, in agreement with HRTEM

results.

In literature, there is a debate regarding the crystal structure of the black phase of CsPbls at
room temperature. Possibility of both a- and y-phase for the black colored CsPbls at room
temperature has been discussed.> ' The obtained phase can also depend on the reaction
conditions and surface energy of CsPbls crystallites. A comparison of our experimental data
for CsPbls NCs with reference data for both a- and y-phase of bulk CsPbls in Figure 4.2e is
not conclusive. Broadening of XRD peaks in NCs blurs the differences between the two
phases. Similar confusion between cubic and orthorhombic structure also existed for CsPbBr3
NCs in earlier literature.*” °° Interestingly, both a- and y-phase of CsPbls have very similar

optoelectronic properties, therefore, any one of the two phases at room temperature is of
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interest for real life applications. In the present manuscript, we term it as black perovskite

phase of CsPbls NCs, without assigning to any one of the two o- or y-phases.

4.3.2 Effect of surface on optical properties and stability of colloidal NCs

After postsynthesis doping of Mn into colloidal CsPbls NCs, we store the samples in an
ambient condition containing moisture with relative humidity value of ~30%. To monitor any
change in the sample, we measure the optical absorption and emission spectra over several
days of storing. Figure 4.3a compares UV-visible absorption and photoluminescence (PL)
spectra recorded on day 1 and day 3 for undoped (0% Mn) CsPblz NCs. The energies of the
excitonic absorption and PL reconfirm the formation of black phase of CsPblz NCs. In the
case of undoped CsPbls NCs, the lowest energy excitonic absorption maximum is at 643 nm
on day 1, which red shifts to 664 nm on day 3 and respective PL peak maximum also shift by
~10 nm. Interestingly, the Mn-doped sample in Figure 4.3b does not show such red shift in
absorbance and PL on day 3 compared to the spectra of day 1. These results suggest undoped
CsPbl; NCs may undergo Ostwald type®* growth of colloidal NCs in the toluene dispersion.
In difference, Mn-doped sample retain the size of NCs and thus no shift in excitonic
absorption or PL peak position with time.

This is the first difference between undoped and Mn-doped samples that could be clearly
observed in our postsynthesis doping strategy. Doping can influence both the lattice and
surface energies influencing the NC size.®? To examine whether passivation of dangling
surface bonds stabilizing the colloidal NCs, control experiments with oleylammonium iodide
(OLAI) are carried out. Unlike Mn?* ions, OLA" is too large a cation to be incorporated in the
CsPblz NC lattice, so any influence of OLAI will be restricted to surface of NCs alone.
Postsynthesis OLAI treatment is done by addition of OLAI solution in undoped colloidal
CsPbls NCs. Figure 4.3c shows absorbance and PL spectra of OLAI treated CsPblz NCs on
day 1 and day 3. These OLAI treated NCs also retain the excitonic absorption maximum and
PL peak position from day 1 through day 3 similar to Mn-doped sample, in sharp difference
to untreated undoped sample. This improved stability of CsPblz NCs by addition of OLAI
may be attributed to effective passivation of surface restricting colloidal growth of NCs.
These results suggest that the addition of Mn precursor (Mnl dissolved in MeOAc) is also
playing a similar role of surface passivation and restricting the growth of colloidal Mn-doped
NCs compared to undoped CsPbls NCs. Prior studies also suggest that treatment of CsPbX3
NCs with different metal-halide salts improves the surface passivation and thus huge

enhancement in PLQY.%3%® The comparison of the OLAI treatment and Mn-doping data is
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possible beyond experimental uncertainties, only because of the employed postsynthesis
doping strategy. It has to be noted that the black phase of CsPblz NCs converts to the yellow
phase as the size of NCs increases.® Therefore, restricting the growth of NCs by surface
passivation during Mn-doping can also lead to stabilization of the black phase of CsPblz NCs
at room temperature. In addition to this surface passivation, the role of lattice energy upon

Mn-doping to stabilize the black phase of CsPbls NCs will be discussed later using NC films.
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Figure 4.3: Comparison of steady state UV-visible absorption and PL spectra of (a) undoped
colloidal CsPbls NCs, (b) Mn-doped CsPbls NCs, and (c) oleylammonium iodide (OLAI)
treated undoped CsPblz NCs on day 1 and day 3. Vertical dashed lines are guidance to any
shift observed in excitonic features from day 1 to day 3.

Along with the red-shift of PL peak maximum in undoped CsPblz NCs dispersion, a
significant decrease in excitonic PL intensity within 10 days is observed as shown in Figure
4.4a. In this process CsPbls NCs starts precipitating out of the colloidal dispersion, yielding
yellow colored precipitates after about 10 days in relative humidity ~30%. So the increase in
NC size leads to both precipitation and formation of yellow phase. On the other hand, Figure
4.4b shows PL spectra from day 1 to day 17 of Mn-doped colloidal CsPblz NCs with
insignificant shift in peak position. Though the PL intensity gradually decreased with time,
but significant luminescence is retained even after 17 days, which is again in sharp contrast to
the undoped sample. Colloidal stability also improves upon doping Mn in CsPbls NCs. This
improvement in both colloidal and PL stability with Mn doping again agrees with our
previous inference that the addition of Mnlz> during postsynthesis doping passivates NC
surface hindering the detrimental increase in NC size and thereby suppressing the conversion
of black to yellow phase.

To get more insights, PL decay dynamics were recorded at the respective PL peak positions
for both undoped and Mn-doped colloidal CsPbls NCs (see Figure 4.4c-d) at different time
intervals from the synthesis of NCs. PL decay dynamics on day 1 are fitted with single
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exponential decay function for both undoped and Mn-doped sample giving a radiative
lifetime of 17.1 ns and 18 ns respectively. This suggests our postsynthesis Mn-doping is not

introducing any additional non-radiative decay channel to host CsPbls NCs.
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Figure 4.4: UV-visible absorption and PL spectra of (a) undoped and (b) 4.8% Mn-doped
CsPblz NCs dispersed in toluene at different time intervals from the preparation of NCs. PL
decay dynamics recorded at emission peak maximum of (c) undoped CsPbls NCs, and (d)
4.8% Mn-doped CsPblz NCs after excitation with 405 nm picosecond pulsed diode laser.
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Note that the Mn d-d transition energy (~586 nm) higher than the excitonic bandgap of
CsPbls NCs,>"° therefore, excitonic energy does not get transferred to Mn states giving rise
to similar PL decay dynamics for both the doped and undoped samples. However, the
difference in PL decay between the two samples starts appearing on day 3 onwards. In the
case of undoped CsPbls NCs PL decay dynamics recorded on day 3 onwards are fitted with
bi-exponential decay function. On the other hand, Mn-doped CsPbls NCs retained single
exponential decay dynamics from day 1 to day 17. The best fit parameters are given in Table
4.1. These PL decay dynamics results suggest the improvement of surface passivation during

Mn-doping improves the stability of PL for a longer duration.
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Table 4.1: Best fit parameters of PL decay dynamics for undoped and 4.8% Mn-doped
CsPbls NCs dispersed in toluene corresponding to the data given in Figure 4.4c-d.

t t
0% Mn CsPbl, y=“1*e"p(_r_1)+“2*e"p<_?z>+yo
nanocrystals
a; (%) | 1,(ns) a, (%) 7, (ns)
day 1 17.1 - -
day 3 30 19.2 70 4.5
day 5 10 225 90 3.4
day 7 5 19.9 95 2.8
day 10 20 16.5 80 7.0
_ X
4.8% Mn CsPbl, y‘“*e"p(_;)”"’
nanocrystals
T (ns)
day 1 18.0
day 3 17.4
day 5 18.2
day 7 18.2
day 10 16.7
day 17 16.7

4.3.3 Role of lattice doping in stabilizing NCs films

Now we will discuss the effect of postsynthesis doping of Mn or OLAI treatment on the
stability of black perovskite phase of CsPbls NCs films in the ambient conditions. The films
are prepared by simple drop casting of the colloidal NCs on glass substrate and stored in the
ambient conditions. Compared to colloidal dispersion of NCs in a non-polar hydrophobic
medium, films of NCs are more exposed to moisture and oxygen present in the environment.
Figure 4.5a shows photographs of undoped CsPblz NCs film captured on day 1, day 5 and
day 7. During this period in relative humidity ~30%, the color of film changes from dark red
(termed as black phase) on day 1 to light yellow color (termed as yellow phase) on day 7,
indicating change in optical band gap of the film. This transformation of color when
monitored through optical absorption results into Figure 4.5b. Clearly, diminishing of
excitonic feature centered at 650 nm is observed from day 1 to day 5 and vanishes on day 7
along with emergence of new absorption feature at 422 nm. This disappearing of 650 nm
peak and emergence of new 422 nm peak explains the observed color change in film from
day 1 to day 7 (Figure 4.5a).
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Figure 4.5: (a) Photographs of undoped CsPbls NCs film captured in visible light at different
time intervals while the film was stored in ambient conditions. (b) Steady state optical
absorption spectra and corresponding (c) XRD patterns of same film at different time
intervals starting from day 1.

To understand the reason behind the color change, we measured powder XRD patterns.
Figure 4.5c shows the film of undoped CsPblz NCs on day 1 exhibits black perovskite phase
(ov or y). On day 5, new impurity peaks corresponding to yellow phase (hon-perovskite 6
phase) appears along with the original black phase. This process of conversion of black to
yellow phase completes on day 7 when all peaks corresponding to the black phase disappear
and the XRD pattern matches with yellow &-phase of CsPbls (Figure 4.5c). From above
studies we understand that the undoped CsPbls film undergoes phase transformation from
black perovskite to yellow non-perovskite phase within a weak under ambient conditions and
is accompanied by change in optical band gap. This transition is detrimental for
optoelectronic applications, and therefore, Mn-doping is attempted to increase the stability of
black phase at room temperature.

Unlike the case of undoped CsPbls NCs, Mn-doped CsPbls NCs film showed significantly
improved stability of the black phase when stored under the same ambient conditions. Figure
4.6a shows the photographs of film captured on day 1, day 7 and day 28 suggesting no color
change. Optical absorption spectra monitored with time in Figure 4.6b reveals improved
stability of 650 nm excitonic absorption. The excitonic absorbance remains almost unchanged
for a long duration and begins to decrease from day 21 onwards. The absorption spectrum is
dominated by excitonic absorbance of black phase till monitored up to day 28. Although
weak feature starts emerging at 422 nm after day 21 but very slow transformation till day 28

is observed. The contribution of yellow phase increases with times beyond day 28, but we
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could observe the presence of black phase as a minor component even after 2 months. XRD
patterns of the films recorded at different time intervals are plotted in Figure 4.6¢. Clearly, no
significant phase change of Mn-doped CsPblz NCs is observed from day 1 to day 28. XRD
pattern recorded on day 28 shows dominant black perovskite phase of CsPbls NCs along with
weak impurity peaks. These optical properties and XRD data confirm the stability of black
phase of Mn-doped CsPblz NCs films for about a month. Such improvement in the stability
of black phase at room temperature is of significant importance for optoelectronic
applications including solar cell. At least in the laboratory scale, one can fabricate and
characterize a device in ambient conditions using these Mn-doped CsPbls NCs.
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Figure 4.6: (a) Photographs of 4.8% Mn-doped CsPbls NCs film captured in visible light at
different time intervals when stored in ambient condition. (b) Optical absorption spectra and
(c) XRD patterns of same film from day 1 to day 28.

While studying the colloidal dispersion (Figure 4.3), we observed similar improvement of
colloidal stability and phase stability by both Mn-doping and OLAI treatment in undoped
CsPbls NCs. We extend this comparison to NCs film as well. In contrast to Mn-doped
samples, OLAI-treated undoped CsPblz NCs showed complete phase change from black
perovskite phase to non-perovskite yellow phase within 10 days as shown by photographs
(Figure 4.7a), absorption spectra (Figure 4.7b) and XRD patterns (Figure 4.7¢). We discussed
earlier that the same OLAI treated colloidal dispersion of CsPblz NCs retained initial size
(band gap and PL maximum) similar to Mn-doped NCs, when monitored with time. This
stability is attributed to improved surface passivation. However, structural and optical studies
on films show that the surface passivation is not enough to stabilize the black perovskite
phase of CsPbls NCs films. In difference to OLAI treated NCs films, Mn doping leads to
contraction of CsPbls NCs lattice. Overall, the comparison of OLAI treated undoped CsPbls
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NCs and Mn-doped samples suggest that both surface passivation (mainly colloidal
dispersion) and lattice doping helps to stabilize the black perovskite phase of CsPbls NCs.
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Figure 4.7: (a) Photographs of oleylammonium iodide (OLAI) treated undoped CsPbls NCs
film captured in visible light at different time intervals when stored under ambient conditions.
(b) Steady state optical absorption spectra and (c) XRD patterns of same film from day 1 to
day 10.

Prior literature suggests that the stability of black perovskite phase of CsPbls upon
doping/alloying with Mn originates from small increase in the tolerance factor accompanied
with lattice contraction and overall enhancement of the cohesion energy of CsPbls lattice.?
Theoretical studies carried out on cubic phase polymorph suggest that doping Mn enhances
formation energy of CsPbls lattice.? Lattice contraction is evident from our postsynthesis Mn
doping in CsPblz NCs see HRTEM images and XRD pattern in Figure 4.2c-e. Also, Mn-I
bond has significantly higher bond dissociation energy (283 KJmol™) compared to Pb-I bond
(194 KImol™).%% As a result, both lattice contraction together with higher bond dissociation
energy of Mn-I stabilizes lattice and surface of Mn-doped NCs compared to undoped CsPbls
NCs of same size/shape. Furthermore, we note here that the same undoped CsPblz NCs film
converts to yellow phase in ambient conditions, relative humidity ~30%, but can retain black

perovskite phase for more than a month when stored inside N2 filled glove box.

4.3.4 Role of Mn-doping in stabilizing CsPbBrs NCs films

Unlike black phase of CsPblz NCs, optoelectronically active orthorhombic phase of CsPbBr3
NCs is significantly stable at room temperature.>® Though the phase of CsPbBrs NCs does not
change drastically with time, a decrease in PL intensity is often observed with time when
stored in ambient conditions. Figure 4.8a-b shows PL spectra of undoped and Mn-doped

CsPbBrs NCs films with storing time in ambient conditions. Mn-doped CsPbBrz NCs film
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retains nearly 33% of its original PL intensity after 28 days while the PL intensity of undoped
CsPbBr3z NCs film decreased to 14% during same the time period. Similarly, prior studies
show improved stability of excitonic emission during repeated cooling and heating cycles of
Mn-doped CsPbBrs NCs compared to undoped ones.? Our controlled postsynthesis doping

experiments reconfirms that Mn has a vital role in improving stability of host CsPbBrs NCs.
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Figure 4.8: PL spectra from day 1 to day 28 for (a) undoped CsPbBrz NCs film and (b) 6.2%
Mn-doped CsPbBrsz NCs film under ambient conditions. Inset of (a) and (b) shows their
corresponding normalized PL intensity variation with time, symbols denote experimental data
and solid line shows trend.

4.4 Conclusions

We show the role of Mn-doping in favorably tuning both the surface and lattice energy to
stabilize the black perovskite phase of CsPblz NCs for about a month in ambient conditions.
To carry out controlled comparisons of undoped and Mn-doped samples, we employ
postsynthesis Mn-doping strategy, where the initial host NCs are obtained from the same
synthesis for both doped and undoped samples. Stability and optical properties are studied
for both colloidal NCs and their films in ambient conditions. To check the effect of surface
energy alone, we treated the undoped CsPblz NCs with OLAL. It is observed that both Mn-
doping and treating with OLAI passivate the surface of CsPbls NCs, restricting the growth of
colloidal NCs while stored in ambient conditions, compared to their undoped counterparts.
This surface passivation improves both the colloidal and phase stability of black CsPbls NCs.
But stability studies on NCs films suggest that the surface passivation is not good enough for
long term stability of black phase of CsPbls, and the lattice contraction upon Mn-doping has a
critical role in stabilizing the black phase by about a month. Then we cross check for another
composition as well and find that Mn-doped CsPbBrs NCs film performed better in terms of

retaining original PL intensity with storing time compared to their undoped counterpart.
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These insights and overall improvement in the stability of black phase Mn-doped CsPblz and

also Mn-doped CsPbBr3 will be useful for optoelectronic applications in ambient conditions.
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Colloidal Thallium Halide Nanocrystals Analogous to CsPbX3

Perovskites and their Defect Tolerance
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Abstract

Colloidal lead halide based perovskites nanocrystals (NCs) have been recently established as
an interesting class of defect-tolerant NCs with potential for superior optoelectronic
applications. Electronic band structure of thallium halides (TIX, where X = Br, I) show a
strong resemblance to lead halide perovskites, where both Pb?* and TI* exhibit 6s? inert pair
of electrons and strong spin-orbit coupling. Though the crystal structure of TIX is not
perovskite, but the similarities of its electronic structure with lead halide perovskites have
motivated us to prepare colloidal TIX NCs. These TIX NCs exhibit a wider band gap (>2.5
eV or <500 nm) along with a potential to exhibit reduced density of deep defect states. THz
probe spectroscopy revealed high effective carrier mobility (~ 220 to 329 cm?V-1s?), and
long diffusion length (~ 0.77 to 0.98 pm). Moreover TIX NCs show reasonably high
photoluminescence efficiency (~ 10%) for TIBr NCs. This combination of properties is
remarkable compared to other wide band gap (>2.5 eV) semiconductor NCs, suggesting the
reduction of deep-defect states in our TIX NCs. Furthermore, temperature-dependent
reversible structural phase transition along with its influence on optical properties of TIX
NCs has been studied.

Graphical abstract
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5.1 Introduction

Defect tolerance signifies the tendency of a semiconductor to retain its electronic, optical and
optoelectronic properties even in the presence of defects. One of the major problem of
colloidal semiconductor nanocrystals (NCs) like CdSe is surface defects, which trap charge
carriers, severely limiting their electronic, optical, and optoelectronic properties.! This
problem of charge trapping becomes more severe for NCs with high optical band gap in the
visible spectral region of 400 to 500 nm (3.1 to 2.5 eV). Here, we present a new variety of
colloidal semiconductor NCs in the form of TIX (X = I and Br), with optical band gap < 500
nm (>2.5 eV), exhibiting photoconductivity with high effective carrier mobilities (~330
cm?V-is?), long (=1 um) diffusion lengths, and reasonably high photoluminescence (PL)
efficiency (~10%). These results suggest suppression of defect mediated charge trapping in

TIX NCs, compared to many other semiconductors with band gap >2.5 eV.

4p/5p X

TI*6s

Antibonding
natureto VBM

TIX(X =Br, I) valence orbital band
structure schematics.

Figure 5.1: Schematic representation of valence orbital band structure of TIX (X = Br, 1),
depicting bonding and antibonding orbitals forming energy bands of the TIX solid relative to
isolated p and s atomic orbitals of TI" and X. The non-bonding Tl 6p states mainly
constitutes conduction band minimum (light-blue band), which gets stabilized by strong spin-
orbit coupling. Anti-bonding interaction of Tl 6s and X np constitute valence band (dark-
blue) maximum. The figure has been made following ref.?*

In the beginning of 2015, Protesescu et al? reported CsPbXs (X = Cl, Br, I) perovskite NCs
with exceptionally high (~ 90% for X = Br) PL efficiency. Subsequently, our group and
collaborators showed suppression of PL blinking and terahertz (THz) conductivity with high
carrier mobility (~4500 cm?V-1s?1) within a CsPbBr; NC.>* These results suggest that
CsPbBrs NCs do not exhibit mid-gap deep trap states, in spite of having high surface-to-

volume ratio. Therefore, CsPbX3 NCs provide a hope for a new kind of nearly trap-free NCs
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with superior optical and optoelectronic properties,® as has been already reported in terms of
achieving high-efficiency light emitting diodes (LED),®” solar cell,® low threshold for lasing,’
strong nonlinear absorption along with multi-photon pumped lasing,**** and single photon
emission!?. There has been significant progress in designing and exploring properties of
CsPbXs and MAPbXs; (MA = methylamine) NCs with various shape, size and
compositions.!3212223 |n chapter 2-4 of this thesis, we have shown low doping Mn and Yb in

CsPbX3 NCs can tailor optical properties and improve structural stability of NCs.

This success of CsPbX3 perovskite NCs has motivated us to search for other kinds of trap-free
colloidal semiconductor NCs, particularly with high optical gap corresponding to UV - blue
region, where probability of formation deep-trap states increases. In this regard, TIX NC is a
potential system, since it share a number of common features with Pb?* based perovskite,
such as TI* is isoelectronic with Pb?* and both possess a lone pair of outermost s-electrons.
Anti-bonding interactions of this filled 6s orbital of TI™ with halide 4p/5p orbital forms the
valence band maximum (VBM) as shown in Figure 5.1.2* On the other hand, TI* 6p orbitals
mainly contribute to the conduction band minimum (CBM). Another anticipated common
feature between TI* and Pb?* is strong spin-orbit coupling in 6p band.?2" Thus both 6s?
electrons and spin-orbit coupling yield the desired electronic band structure for both TIX and
CsPbX3, where anti-bonding states form VBM and spin-orbit coupling stabilize the CBM as
depicted in Figure 5.1.28 Such electronic band structure is expected to reduce deep-trap states
in a semiconductor nanocrystal. Therefore, metal halides with different composition and
structures, but with a valence orbital band structure similar to Figure 5.1 are now being

explored.?829:30.31

At room temperature, Tl exhibits orthorhombic structure with band gap of 2.86 eV (434
nm),3? whereas, TIBr exhibits cubic structure with band gap of 3.05 eV (407 nm).*® Crystal
structure of both TII and TIBr are different from ABXz perovskite (A: monovalent
metal/organic ion, B: divalent metal ion), but TIX are analogous to CsPbXs perovskite in
terms of valence orbital band structure. Bulk and thin films of TIX and their derivatives have
already been explored as potential candidates for room temperature X-ray and gamma-ray
detection.®436 We report here colloidal TIX NCs. Optical properties including ultrafast optical
pump THz probe (OPTP) spectroscopy suggest suppression of deep-defect mediated charge
trapping in TIX NCs. Furthermore, temperature dependent structural phase transition was
observed using variable-temperature X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). To the best of our knowledge, this is the first report on colloidal TIX
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NCs, showing interesting properties suitable for optoelectronic applications in the UV-blue
region. However, toxicity of Tl based compounds is well known,*-3® which will be major

hindrance for many real life applications of TIX NCs.

5.2 Experimental Section

5.2.1 Tl NCs

0.5 mmol of TINOgz, 15 mL 1-octadecene, 1 mL oleic acid and 1 mL oleylamine were taken
in a three-neck round bottom flask and degassed at 100 °C for about 1 hour. The temperature
of reaction mixture was then raised to 300 °C under N2> atmosphere till solution became clear.
The temperature of solution was then lowered to 200 °C (or 170 °C). Simultaneously, in
another round bottom flask, 1 mmol of tetra butyl ammonium iodide (TBAI) was mixed with
5 mL 1-octadecene and 5 mL oleylamine and degassed at 140 °C for about 90 minutes. The
temperature of the iodide mixture was then raised to 200 °C under N, atmosphere, till the
solution became clear. The temperature was then lowered to 60 °C. TIl NCs were finally
obtained by swiftly injecting this iodide solution to the thallium solution maintained at 170 °C
for 8.4 nm NCs (or at 200 °C for 4 nm NCs). The reaction was quenched immediately using a
bath containing dry ice in acetone. The obtained reaction product was centrifuged at 3000
rpm for 1 minute and the supernatant was taken up for further washing after discarding the
precipitate. Small amount (1-2 mL) of tert-butanol (or acetonitrile) anti-solvent was added to
the supernatant solution to precipitate out the NCs, along with centrifugation at ~6000 rpm.
The obtained precipitate was dispersed in hexane and placed in refrigerator for half an hour,
following by decanting the supernatant solution after discarding any precipitate that might
have formed. This colloidal NC was used for optical studies in solution phase. Excess amount
of the anti-solvent starts degrading the NCs. Sometimes, the washing method was repeated
for a second time to get rid of any remaining oily residue, but further repetition of washing
process destabilize the colloidal NCs. It must be noted that thallium and its salts, similar to
lead salts, are toxic in nature. Hence, necessary precautions need to be taken while using any

thallium containing substance.

5.2.2 TIBr NCs

TIBr NCs were synthesized using a protocol similar to that of TIl NCs, but with some
differences, which are mentioned here. 1 mmol of TINOz and 2 mmol of tetra butyl
ammonium bromide were used, and the final reaction was carried out at 300 °C. The washing

of colloidal TIBr NCs were carried similar to the case of TIl NCs.
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5.2.3 Characterization methods

Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images were
captured on a UHR FEG-TEM, JEOL JEM-2100F electron microscope using a 200 kV
electron source. Powder XRD data were recorded using Bruker D8 Advance X-ray
diffractometer equipped with Cu K, (1.54 A) radiation. Powder XRD data at different
temperatures were recorded using program controller setup in the range of 303 K to 543 K for
both heating and cooling cycle. For such measurements, powder sample was placed on a
platinum foil and heated (or cooled) with a rate of 0.5 °C/min along with a stabilization time
of 5 minutes at each temperature. Throughout the experiment, the sample chamber was kept
under vacuum of 10 mbar. UV-visible absorption spectra were collected using Perkin Elmer
Lambda-45 UV/vis spectrometer. PL spectra and PL decay dynamics were measured using
Edinburg FLS980 spectrophotometer. The PL decay dynamics were recorded using 340 nm
and 400 nm nanosecond pulse LED lasers as excitation sources. DSC curve was obtained by
using TA Q20 DSC instrument. PL quantum yield (PL QY) of TIX NCs were obtained using
sodium salt of fluorescein dye in water as reference (PL QY = 0.92 in water), whereas PL QY
of 4 nm TII NCs was obtained using quinine sulphate in 0.5 M HCI as reference (PL QY =
0.55).

5.3 Results and Discussions

5.3.1 Synthesis

We have employed a hot-injection route for colloidal synthesis of TIX NCs. Colloidal
synthesis of TIX NCs is tricky due to highly reactive ionic nature of reaction between TI* and
X" ions. Fast growth of NCs makes it difficult to isolate smaller NCs and study the growth
kinetics. Another intrinsic behaviour of TII is that the crystal phase transition occurs around
the reaction temperatures (170 — 300 °C). Therefore, controlling the crystal structure of TlI
NCs becomes more challenging. Growth of TIX NCs in our synthesis was stopped
immediately after injecting the precursors by applying a bath containing dry ice in acetone.
This lowering of reaction temperature is helpful to achieve both homogeneity of crystal
structure of TIX product NCs, and suppression of NC growth. Product NCs exhibit colloidal
stability for about a week under ambient conditions. Further modification of reaction
methodology is required to achieve a better separation of nucleation and growth processes, in
order to control the size and shape of NCs over a wider range. In this regard, exploring
various surface ligands and washing procedure might help to achieve better quality NCs with

improved colloidal stability and optical properties.
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5.3.2 Mophology and structure of Tl NCs

TEM image shown in Figure 5.2a and corresponding size distribution histogram (Figure 5.2b)
show that Tl NCs prepared at 170 °C exhibit an average diameter of 8.4 + 1.2 nm. Inset of
Figure 5.2a shows HRTEM image of 8.4 nm TII NC displaying (111) lattice fringes with an
interplanar distance of 3.33 A. Powder XRD pattern (Figure 5.2c) confirms the orthorhombic
phase of TIl NCs at room temperature, similar to bulk®® TII. Inset of Figure 5.2c shows an
orthorhombic unit cell of TII lattice with coordination polyhedra of seven ions around each
TI" and I ion. Thus coordination environment of TII is different from that in CsPbls cubic
perovskite.? Samara et al reported polymorphism in bulk TII with ~1% difference in lattice
energy between cubic and orthorhombic phase.®® This has prompted us to study the possible
crystal phase transition in our organic capped colloidal NCs, where surface energy can play a

crucial role unlike their bulk counterpart.
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Figure 5.2: (a) TEM image of TII NCs and the inset shows HRTEM image of single NC. (b)
Size distribution histogram of Tl NCs obtained from image (a) and shows an average size of
8.4 nm. (c) Comparison between powder XRD diffraction patterns of TIl NCs (red, upper)
and orthorhombic bulk TII reference (blue, lower). The inset shows TII orthorhombic unit
cell with coordination network of seven ions around each ion.

5.3.3 Temperature dependent phase transition in TII NCs

Figure 5.3a shows that TII NCs (8.4 nm) initially exhibit orthorhombic structure at 303 K,
and remain so when temperature is raised till 423 K (150 °C). At 433 K, TIl NCs
predominantly exhibit orthorhombic phase but have a minor contribution from cubic phase at
20 = 30° With further increase in temperature to 443 K, the crystal structure of the NCs
transforms to a predominant cubic phase, along with minor peaks from orthorhombic phase.
A pure cubic phase, without any contribution from orthorhombic TII, is observed at 483 K,
and this cubic phase remains intact on further increase in temperature till 543 K (maximum

temperature used in this study).
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Figure 5.3: (a) Temperature dependent powder XRD patterns of TII NCs from 303 K to 543
K recorded both in forward (heating represented as H-xyz K) and reverse (cooling
represented as C-xyz K) direction. (b) DSC plot showing broad endotherm dip at 446 K for
orthorhombic to cubic phase transition, which is in agreement with temperature dependent
XRD data. (c) Schematics depicting structural phase changes of TII NCs in the given
temperature range. Dashed arrows in reverse direction indicate relatively slower reverse
phase transition. (d) Optical absorption spectra of Tl NCs at 30 °C and after heating to 220
°C but spectra were recorded immediately at room temperature.

Then the NCs are cooled and the transition is monitored in the reverse direction from cubic to
orthorhombic phase. But this reverse phase-transition has been observed to be a slow process
with cubic phase dominating even after cooling the sample to 373 K. Surprisingly, the sample
exhibits a minor contribution from cubic phase along with predominant orthorhombic phase,
even after cooling the sample back to 303 K. It takes many hours at 303 K, before the sample
completely converts back to a pure orthorhombic phase as shown by the XRD patterns in
Figure 5.3a. One should note here that the full width at half maxima (FWHM) of XRD peaks
and the lattice parameters remain unchanged before and after the reversible phase transition
of orthorhombic Tl NCs, suggesting that the average crystallite size remains intact during the
temperature dependent phase transition study. Phase transition in TII NCs was further probed
using DSC. Figure 5.3b shows a broad endotherm dip at ~446 K, corresponding to phase
transition from orthorhombic to cubic phase in TII NCs, and thus, commensurate with

temperature dependent powder XRD results. This temperature dependent structural phase
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transition of TIl NCs has been schematically summarized in Figure 5.3c. TIl NCs exhibit
orthorhombic structure at room temperature below 443 K, but transforms to cubic phase at
443 K, similar to their bulk® counterpart. A mixed phase is observed in the temperature range
of 443-493 K. Above 493 K only cubic phase is observed in TII NCs. Interestingly, Optical
gap of Tl NCs are known to change from 2.86 eV for orthorhombic phase to 2.0 eV for cubic
phase.?® Our colloidal TIl NCs also show a similar change in optical gap (Figure 5.3d) and
colour (photographs in the inset of Figure 5.3d) for orthorhombic NCs at 30 °C to cubic phase
of NCs at 220 °C. Photographs in the inset of Figure 5.3d show colour of colloidal TII NCs is
pale yellow at 30 °C (303 K, and remains so till temperature is as high as ~423 K), but turns
into reddish-orange at 220 °C (493 K). For the sample at 220 °C, the hot colloidal dispersion
was quickly transferred to a cuvette and the spectrum was collected within a minute at room
temperature. In this process there is a small drop in temperature, which might be the reason
for seeing some contribution from orthorhombic phase as well in the absorption spectrum
after heating the sample at 220 °C. Furthermore, temperature dependent linear fit of unit cell
volume (V) as a function of temperature (T) for TIl NCs results into similar coefficient of
volume expansion (ay) in both the phases of TIl NCs . For orthorhombic phase, a, = 1.47 x
10 K and for cubic phase a, = 1.5 x 10 K1, These values of a; are in accordance with

previously suggested values for bulk® TII.

5.3.4 Optical properties of TII NCs

UV-visible absorption spectrum (Figure 5.4a) of 8.4 nm TIl NCs (prepared at 170 °C)
dispersed in hexane shows an excitonic absorption peak at 438 nm (2.83 eV) which is similar
to the optical gap of bulk (2.86 eV)?° orthorhombic TII. According to prior reports, Bohr
excitonic diameter of TIl NCs is expected to be in the range of 9 — 12 nm for orthorhombic
phase.*® Therefore, a weak confinement of charge carriers is expected for 8.4 nm Tl NCs,
exhibiting optical gap similar to that of bulk TIl. When TII NCs were prepared at 200 °C,
smaller NCs with an average diameter of 4 nm were obtained (TEM data not shown here).
UV-visible absorption spectrum (Figure 5.4a) of 4 nm TII exhibits a sharper excitonic feature
at 365 nm (3.44 eV). This is a significant blue-shift compared to the optical gap of bulk TII,
showing the signature of quantum confinement in these NCs. Furthermore, unlike bulk or
thin films of TII, our colloidal TII NCs exhibit excitonic features at room temperature,
suggesting an increase in excitonic binding energy in these NCs because of quantum
confinement of electron and hole wavefunctions. We note here that, because of the fast

growth rate, it is difficult to isolate the smaller sizes of TII NCs, so the continuous tuning of
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optical gap in the range of 365 nm (3.44 eV) to 438 nm (2.83 eV) is difficult to achieve with
reproducibility.
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Figure 5.4: (a) UV-visible absorption and PL spectra of Tl NCs with an average size of 8.4
nm (red spectrum) and 4 nm (black spectrum). The absorption and PL spectra of 8.4 nm sized
NCs are vertically offset (by a constant 0.2) for clarity of presentation. Inset shows
photograph of luminescence from colloidal dispersion of 8.4 nm TII NCs after irradiating
with 365 nm UV light. (b) PL decay profiles of colloidal TII NCs (8.4 nm) at three different
emission wavelengths, after excitation at 400 nm, inset shows corresponding PL plot and
arrows depict emission wavelength probed in time resolved PL decay scan.

PL peaks (Figure 5.4a) centred at 382 nm and 480 nm corresponds to 4 and 8.4 nm TII NCs
respectively. Inset of Figure 5.4a shows photograph of PL from colloidal TII NCs (8.4 nm)
dispersed in hexane under UV illumination (365 nm). The PLQY ~6% was obtained for 8.4
nm TII NCs and ~4% for 4 nm TII NCs. To the best of our knowledge, prior literature on
bulk and thin films of TIl NCs did not show PL at room temperature. Agekyan et al*
reported similar PL at 80 K from microcrystals of TIl embedded in a porous matrix.
Probably, the smaller size of our NCs increases overlap between electron and hole
wavefunction thus increasing the transition probability for PL. Broadening of PL in our TlI

NCs suggests the possible contribution from both exciton and shallow defect states in the PL.

To understand the mechanism, PL decay dynamics of Tl NCs shown in Figure 5.4b were
fitted with tri-exponential decay function and best-fit parameters are summarised in Table
5.1. A non-radiative lifetime t1 ~ 1 ns, and two radiative lifetimes t2~ 4 ns and t3~ 12 ns are
obtained at all three wavelengths of emissions. Such short radiative lifetimes indicate
transitions involving delocalized states and might arise from both band edges (or excitonic)
and shallow defect states.*? Unlike deep trap states in mid-gap, shallow defects are nearly
delocalized and optically active. Absence of long (~100 ns) lifetime shows the absence of
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deep-trap related radiative recombination in our NCs. The qualitative nature of PL decay
profiles is similar for all the three emission wavelengths shown in Figure 5.4b. However,
more contribution of nonradiative decay channels are observed at lower wavelengths
probably because of the additional nonradiative pathways at higher energies including energy
transfer from higher optical-gap NCs to lower optical-gap ones within the ensemble.

Table 5.1: Tri-exponential decay fitted parameters of TII NCs at different emission
wavelength as shown in table. ‘7’ is the component of lifetime for the i process and “ai’ is
coefficient of contribution for i process.

Wir\rellsesrl:;rt]h TLns) | 2(ns) | Ts(ns) | f(%) | %2(%) | %(%)
460 nm 1.1 3.9 11.7 64 32 4
478 nm 1.2 4.2 12.6 55 40 5
540 nm 14 4.6 12.7 46 47 7

5.3.5 Morphology and Structure of TIBr NCs
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Figure 5.5: (a) Powder XRD patterns of TIBr NCs showing cubic phase, inset shows
schematic unit cell for cubic phase of TIBr with coordination polyhedra of 8 atoms around Tl
and Br. (b) TEM image of TIBr NCs, inset show size distribution histogram with average
diameter of 28.7 nm for TIBr NCs. (¢) HRTEM image of a TIBr NC, and (d) HRTEM image
captured over small area from image (c). (¢) FFT pattern obtained from image (d) of TIBr NC
showing high crystallinity aspect of Tl NC.

After TIl NCs, now we discuss the results of colloidal TIBr NCs. In order to elucidate the

structure, powder XRD pattern of TIBr NCs shown in Figure 5.5a, shows cubic phase, similar
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to bulk®® TIBr at room temperature. Inset of Figure 5.5a shows schematic of cubic unit cell of
TIBr lattice with coordination polyhedra of 8 ions around each TI* and Br™ ion in cubic
symmetry. Furthermore, the cubic phase of TIBr NCs is stable in the temperature range of
303 K to 573 K with no evident phase transition. TEM image in Figure 5.5b shows nearly
spherical morphology of TIBr particles and inset of Figure 5.5b shows an average diameter of
28.7 + 3.2 nm for TIBr NCs. HRTEM image of TIBr NC shown in Figure 5.5c-d and the
corresponding fast Fourier transform (FFT) pattern shown in Figure 5.5e confirm single

crystalline nature of TIBr NC.

5.3.6 Optical properties of TIBr NCs

UV-visible absorption spectrum of TIBr NCs in Figure 5.6a shows excitonic feature at 400
nm (3.1 eV), which is in accordance with optical gap of 3.05 eV for bulk® TIBr. The
diameter (28.7 nm) of our TIBr NCs is more than the estimated values of Bohr excitonic
diameter (9.7 to 24.6 nm) for TIBr, and therefore, these NCs experience very weak or no
quantum confinement effect. PL spectrum (Figure 5.6a) of TIBr NCs shows a peak at 435 nm
with QY ~10% at room temperature. Photograph in the inset of Figure 5.6a shows PL of TIBr
NCs dispersed in hexane after illuminating with UV light (365 nm). PL decay profiles of
colloidal TIBr NCs are qualitatively similar to that of TII NCs and are shown in Figure 5.6b.
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Figure 5.6: (a) UV-visible absorption and PL spectra of colloidal dispersion of TIBr NCs,
inset shows photoluminescence from TIBr NCs dispersed in hexane under 365 nm UV
radiation. (b) PL decay profiles of TIBr NCs at different emission wavelengths see inset for
guidance, after excitation at 340 nm.

5.3.7 Mobility and diffusion length

Effective mobility values (ou) and diffusion length (Lp) were obtained by employing THz
spectroscopy on TIX NCs films. The exact experimental details and calculations are not part
of my PhD thesis, but available in the published paper Mir et al. Chem. Sci., 2017, 8, 4602-

4611. In this thesis, I am just mentioning the major findings of the THz spectroscopic study
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to complete the story line of defect tolerant TIl NCs. The effective mobilities (pu) (see
Figure 5.7) obtained from THz spectroscopy study vary from 220 to 329 cm?V-1s?in case of
TIBr NCs film and from 90 to 220 cm?V-1st in case of TII NCs film at different fluences in
the range of 0.85-5.86 x 10 photons/cm?. However, @u values are quite similar at lower
pump intensities. The mobility values obtained here are reasonably high compared to many
other NC systems, as discussed later. These high effective carrier mobilities further suggest
the defect tolerant nature of TIX NCs.
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Figure 5.7: Effective carrier mobility (¢u, red symbols) and carrier diffusion length (Lp,
blue symbols) for (28.7 nm) TIBr and (8.4 nm) TII NCs, as a function of initial carrier density
(fluence). Total effective mobility (¢pu) becomes actual mobility when each absorbed photon
generates two free carriers i.e. electron and hole. The symbols denote experimental data and
lines for observed trends.

Next, the calculated highest carrier diffusion length (Lp) in TIBr NCs film are ~0.98 um
while in TII NCs film a highest value ~0.248 um is reported. As expected, the mobility and
the diffusion length have very similar dependence on carrier density (fluence) for a particular
sample see Figure 5.7. However, the trends are quite different for TIBr and TII NCs. At a
particular carrier density the mobility for TIBr NCs is roughly twice than the mobility for TlI
NCs. On contrary the diffusion lengths in TIBr NCs are almost an order of magnitude longer
than that of TIl NCs since the average lifetimes in TIBr NCs are an order of magnitude
higher. At certain fluences the Lp values in TIBr NCs are in microns with mobilities of ~300
cm?.V-1st, which will be good for various optoelectronic properties such as UV, X-ray,
gamma-ray detectors. However, one should be careful in interpreting the mobility and
diffusion length values obtained from this study and should not expect them to be same in a
real device made of these NCs. THz probes the local AC photoconductivity and hence does
not reflect any long range disorder in the system. Also THz probe responds only to free

carriers leaving excitons unperturbed since 1 THz = 4.13 meV.
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5.3.8 Comparison of TIX NCs with other semiconductor NCs with optical band gap >

2.5eV (<500 nm)

As the optical band gap increases, the probability of finding a defect state deep within the gap

increases. For NCs, the problem becomes more acute because of the abundance of surface

defects owing to large surface-to-volume ratio. Thereby, developing semiconductor NCs with

reduced deep-defect related trap-states for optoelectronic properties in the UV to blue region

of electromagnetic spectrum is highly challenging. This vexing problem of deep trap-states is

often reflected in the poor luminescence efficiency, low carrier mobility and small diffusion

lengths of charge carriers.

Table 5.2: Comparison of PL QY, carrier mobility and carrier diffusion length of our TIX
NCs with various well-studied semiconductor NCs exhibiting optical gap < 500 nm.

Sample

TIBr NCs (this work)
TII NCs (this work)
TIBr bulk*-4

CsPbCl; NCs*
Carbon-dots QDs*"#9

CdS nanorod®%-!
CdS NCs®*®3

CdS thin film bulk>
CdSe NCs>%6

ZnSe NCs®’

ZnSe single
Crystal®-%
CdSe/ZnS Core
shell%°

optical gap
(eV), (nm)

3.1, 400
2.8, 436

3.02, 410
2.69, 460

3.2,383
2.58, 480
2.4-2.7,
450 — 500
3.3-238,
370-430

2.53, 490

PL

QY

(%0)
10
6

3, 1*
4-10,
ST

10
6.4
1-
10
10 -
50

30

*11e= 8.5 X 10

*up= 3.8 x 10°

Asterisk (*) denotes data obtained from film

mobility
(cm2V-ist)

329
220
te = 40.2
un=11.8

5

5

32

17
1-100

267, 407,
0.017*

diffusion
length

(jum)

0.98
0.25

method
adapted

to measure

mobility
THz
THz

conductivity,
drift-mobility

FET

TFT
THz

THz, I-V

Table 5.2 suggests that 10% PL QY of our TIX NCs is indeed a reasonably high number in
the UV-blue region. Further improvement of PL QY might occur by making core/shell NCs

with type-l band alignment at the interface,%! but such a structure is often detrimental for

121



Colloidal Thallium Halide Nanocrystals Analogous to CsPbX3 Perovskites and their Defect Tolerance

charge transport. It is to be noted here that bulk TIX is known to have higher dielectric
constants (€,) (€, = 30.6 for TIBr and €, = 21.6 for TlI at 20 °C),% compared to materials
such as CdS (€, = 8.9), CdSe (€, = 10.2), and ZnSe (€, = 9.2). This high dielectric constant
in TIX is expected to promote excitonic dissociation which is undesirable for PL, but
desirable for photoconductivity. High dielectric constant not only reinforces decoupling of
photo-generated exciton, but also screens charge carriers from ionic trap-states thereby

improving charge transport.?

We measured effective carrier mobility and diffusion length using contact-less THz AC
photoconductivity with excitation fluence in the range of 0.85-5.86 x 10'* photons/cm?,
similar to ref. 40. In the absence of available surface engineering methodologies for TIX
NCs, this contact-less method is perhaps the only way to measure carrier mobility. A variety
of other techniques are also used for measuring carrier mobility and diffusion length in NC
solids, and there will be differences in the obtained numbers using different methodologies.
In fact, even within THz spectroscopy, the numbers may be different based on whether the
NC is measured in colloidal dispersion or in film. Our measurements are done on NC films,
which are closer to the architecture of an optoelectronic devices. In spite of the involved
uncertainties, Table 5.2 clearly shows that the carrier mobility and diffusion lengths of our
TIX NC films are one of the highest. Such a combination of high PL efficiency, high carrier
mobility and long diffusion lengths in a wide band gap semiconductor, suggest a minimal
density of deep-trap states in our TIX NCs. As discussed earlier, electron band structure in
Figure 5.1 indeed suggested the possibility of achieving nearly deep-trap-free TIX NCs, and
our experimental results indirectly agree with the prediction. However, more direct
experimental and theoretical studies are required to measure the density of deep-defect states
in a TIX NC, before confirming defect-tolerant NC. These optical properties suggest TIX
NCs can be a potential candidate for a new solution processed semiconductor for
optoelectronic application in the UV-blue region. Furthermore, TIX NCs can be considered
for solution processed materials for X-ray and gamma-ray detection. But toxicity of Tl is a

concern for any real life applications.

5.4 Conclusions

We proposed here colloidal TIBr (28.7 nm diameter) and TII NCs (8.4 nm and 4 nm
diameter), as new wide band gap materials with interesting optical properties in the near-UV
to blue spectral region. TII NCs show orthorhombic structure at room temperature, and then

undergo a reversible structural phase transition at 443 K (170 °C). On the other hand, TIBr
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NCs exhibit a stable cubic phase in the studied temperature range of 303 K to 573 K. Both
kinds of NCs exhibit excitonic absorption feature and PL with a reasonably high QY of 6-
10% at room temperature in the violet-blue region, unlike their bulk counterpart. Ultrafast
THz spectroscopy was employed to study the carrier dynamics of TIX NC films at different
pump fluences. Subsequently, THz photoconductivity revealed high effective carrier
mobilities of 329 and 220 cm?V-!s%, and long diffusion lengths of 0.98 and 0.25 um for TIBr
and TH NCs, respectively. In general, a wide band gap (UV-blue region) semiconductor NC
often exhibit a high density of deep-defect states trapping the charge carriers. In the contrary,
combination of reasonably high PL QY, high carrier mobility and long diffusion lengths
suggest decrease of deep-defect states in our TIX NCs. These results suggest a possibility of
defect-tolerant nature of TIX NCs, owing to the interesting valence electronic band structure
(Figure 5.1), similar to lead halide perovskite NCs. But further improvement in NC synthesis,
optical properties, and also computation studies are required to verify the defect-tolerant
nature in TIX NCs.
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Appendix A

Strategy to Overcome Recombination Limited Photocurrent in

CsPb(Brosslo.3s)s Nanocrystal Arrays

The work presented in this appendix is published under following details. Mir, J. W.;
Livache, C.; Goubet, N.; Martinez, B.; Jagtap, A.; Chu, A.; Coutard, N.; Cruguel, H.;
Barisien, T.; Ithurria, S.; Nag, A.; Dubertret, B.; Ouerghi, A.; Silly, G. M.; Lhuillier E. App.
Phys. Lett., 2018, 112, 113503. Permission is taken for the whole article. Copyright 2018
American Institute of Physics.

The work was carried out at INSP (UPMC), Paris, where | worked for 6 months under
supervision of Dr. Emmanuel Lhuillier.
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Strategy to Overcome Recombination Limited Photocurrent in CsPb(Brosslo.ss)s Nanocrystal Arrays

Abstract

We investigated the transport properties of CsPb(Brosslo.3s)z perovskite nanocrystals (NCs)
and is discussed as the representative case of CsPbXs perovskite NCs. While this material is
very promising for the design of light emitting diodes, lasers, and solar cells. Very little work
has been devoted to the basic understanding of their (photo)conductive properties in an
ensemble system. By combining DC and time-resolved photocurrent measurements, we
demonstrate fast photodetection with time response below ~2 ns. The photocurrent generation
in perovskite NCs based arrays is limited by fast bimolecular recombination of the material,
which limits the lifetime of the photogenerated electron-hole pairs. We then use nanotrench
electrodes to ensure that the device size fits within the obtained diffusion length of the
material in order to boost the transport efficiency. By using this strategy we observed an

enhancement of the photoresponse by a factor of 1,000.
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Appendix A

A.1 Introduction

Lead halide based perovskite materials have raised significant scientific and technological
interests in the field of solar cells because of their defect-tolerant band structure.! These
materials lead to large open-circuit voltages (>1 V) and thus high power conversion
efficiencies.? Improved solar cell efficiencies ~23% for hybrid perovskites® and above 16%
for perovskite nanocrystals (NCs) based devices have been reported so far.*® The idea of
using these defect-tolerant lead halide based perovskite NCs for designing high-efficiency
light emitting materials was proposed by the Kovalenko group.® A paradigm shift was
proposed: instead of preventing the wave function from encountering surface traps by
building a shell around the nanocrystal, a defect-tolerant material ensures that no surface
traps are generated in the mid-gap region. As a result, CsPbX3 (with X a halide anion) NCs
are able to generate high photoluminescence (PL) efficiency (~90 % based on core only
objects) and are obtained through straightforward and reliable synthesis.® Their exceptional
light emitting properties have been used to demonstrate low thresholds for lasing,’ single
photon emission,®® and light emitting diodes with narrow emission linewidth.1%12 As a result,
both high light emitting efficiency and defect tolerant nature make them promising candidates

for new generation NCs based optoelectronic devices.***

As a new class of colloidal nanomaterials, lead halide based perovskite NCs show unique
properties, yet reveals some new challenges. In particular, these materials present some
stability issues: perovskite NCs degrade under electron beam?®® and undergo structural phase
changes or ligand-induced stoichiometry change.'® As a result, perovskite NCs need to be
handled with great care and the conventional method to build conductive NCs based films
need to be revised. For example, a phase transfer ligand exchange toward S? capping,
although quite successful for metal chalcogenide NCs,'”-* cannot be applied to perovskite
NCs. Indeed, such a ligand exchange performed on CsPbBrz NCs leads to the formation of a
conductive and photoresponsive film of PbS NCs. Similarly, ion gel gating'®?° cannot be
straight forwardly applied because the ion gel dissolves CsPbXsz perovskite NCs. As a
consequence, the whole surface chemistry toolbox used to tune the tunnelling barrier

associated with the capping ligands to make a film photoconductive needs to be revisited.

The recent report of CsPbls NCs based solar cell* with relatively high photon conversion
efficiency (13 %) has demanded for a deeper investigation of the charge transport properties
of NCs arrays. However currently transport experiments of lead halide perovskite NCs based

devices have been mostly explored on diode structures.?"?3 In such device geometries, the
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transport of the NCs layer is blurred with effects coming from the electron and hole

extraction layers. This makes the basic understanding of the transport more complex.

In this appendix, we studied transport measurements to highlight the limitations of the
photocurrent generation in CsPbX3 perovskite NCs arrays. We provide evidence that the fast
bimolecular recombination of NCs is the main limitation and is responsible for the short
photocarrier lifetime. We then propose use of nanotrench device geometry to boost the carrier

injection at a given high field and enhance photocurrent generation by a factor of 1,000.

A.2 Experimental Section

A.2.1 Cesium oleate

In a three neck 100 mL flask, 0.8 g of Cs2COs is mixed with 2.5 mL of oleic acid (OA) and
30 mL of octadecene (ODE). The flask is degassed under vacuum for next 30 minutes at 110
°C. The atmosphere is then switched to Ar and the temperature is raised to 200 °C for 10 min.
At this point the cesium salt is fully dissolved. The temperature is cooled down below 110 °C
and the flaks is further degassed for 10 min. The obtained gel is used as stock solution.

A.2.2 CsPb(Br,1)s NCs

In a 25 mL three neck flask, we introduced 101.8 mg of PbBr; along with 59.9 mg of Pbl; in
10 mL of ODE. The flask is degassed first at room temperature until the brisk bubbling of the
solution slowed down and then at 110 °C for the next 30 minutes. We then inject 0.5 mL of
OA and 0.5 mL of oleylamine (OLA) in this reaction mixture. The atmosphere is switched to
Ar and the temperature is set at 180 °C. Meanwhile the stock solution of cesium oleate is
warmed up at 60°C. We then quickly inject 0.8 mL of cesium oleate stock solution. The
reaction is conducted for 30 sec. The heating mantle is removed and the flask is cooled down
using fresh air flux from outside. The obtained solution is centrifuged at 6000 rpm for 5
minutes. The supernatant is discarded and the obtained pellet is redispersed in fresh hexane.
For device purpose we carried out 2"¢ washing using methyl acetate as non-solvent.
Typically, methyl acetate is added twice the volume of NCs dispersion and again centrifuged
at 6000 rpm for 5 minutes. The obtained pellet is redispersed in hexane and used for device

fabrication.

A.2.3 Characterization methods
UV-visible absorption spectra are acquired using a Shimadzu UV-3600 spectrometer. PL
spectra (excitation at 420 nm) are obtained from Edinburgh FLS 980 spectrophotometer.
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Transmission electron microscopy (TEM) images were captured using JEOL 2010
instrument. The grids are prepared by drop casting dilute solution of NCs dispersed in hexane
and degassed overnight under secondary vacuum. PL dynamics were measured through
classical gated photon counting using a SR400 unit (from Stanford Research Systems)
associated to a high efficiency single photon module working in the visible spectrum (SPCM-
AQRH-13-FC from Excelitas Technologies'). The excitation is made by a picosecond laser
diode (from Alphalas) providing pulses of 60 ps at A = 407 nm and great attention was paid to
maintain low enough pump fluence and prevent any degradation of the sample during the

experiment.

A.2.4 DC transport

DC transport is conducted in air and the sample is connected to Keithley 2634 bi-channel
sourcemeter. Two types of electrodes are used; 1) interdigitated gold coated electrodes over
Si/SiO2 substrate in which the interdigits are 2.5 mm long and spaced by 20 um, and 2)
nanotrench gold coated electrodes over Si/SiOz substrate where the two electrodes lie 60 nm
apart with high aspect ratio (length ~15 um). For temperature dependence, the sample is put

on the cold finger of cryofree cryostat. For illumination we use a 532 nm DPSS laser diode.

A.2.5 Time resolved transport

For time resolved measurement the sample is biased using a Keithley 2634 sourcemeter.
Illumination is ensured by a 0.9 ns Cryslas laser with a high energy density (70 pJ/pulse) at
355 nm. The signal is acquired on a Rohde & Schwarz GHz oscilloscope (RTE 1102).

A.3 Results and discussion

We carried out transport measurements on a series of CsPb(Brixlx)s NCs. This appendix will
focus on one particular composition of CsPb(Broes,lo3s)s NCs. The choice of
CsPb(Bro.es,lo.35)3 was initially driven by a trade-off between the material stability (higher for
Br-rich samples) and the optimal value of the band gap for solar cell application (better suited
with iodine). These CsPb(Bro.s,lo.35)s NCs were grown using previously described methods* ©
and present a band edge energy of 2.29 eV see Figure A.1A.la, which is close to the bulk
band gap of the material having same halide composition and also consistent with their weak
confinement. TEM imaging in Figure A.11b reveals a particle size in the range of 12 £ 2 nm,
which is larger than the excitonic Bohr diameter of this material.® The PL decay dynamics in
Figure A.1c is fitted with a biexponential decay function with two time constants, 5 ns and 25

ns, which will be discussed later in the this appendix.
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Figure A.1: (a) Absorbance and PL spectra of CsPb(Broes,lo.3s5)3 NCs. (b) TEM image of
CsPb(Bro.es,l0.35)3 NCs. (c) Room temperature time resolved PL decay dynamics for a film of
CsPb(Bro.es,lo.35)3 NCs. PL decay measurements were carried out on thin films treated with
saturated lead acetate in methylacetate.

After synthesis of desired CsPbXs NCs composition, colloidal dispersion of NCs was drop-
casted over predesigned electrodes (see the methodology section A.2.4 for electrode details).
The insulating long chain oleylammonium capping ligands were then removed by following a
previously reported multistep procedure and mild annealing.* The multistep procedure
ensures less pin holes or cracks generated by the volume reduction resulting from the removal
of long chain organic ligands and annealing steps. Also, higher annealing temperature (~200
°C) or longer annealing time leads to strong inter NCs sintering, resulting in a loss of their
nano-crystalline aspect. On the other hand, ligand exchange followed by a short mild

annealing at 100 °C preserves the NC aspect.

Once the thin film is deposited on metallic electrodes, CsPb(Bro.es,lo.35)3 NCs presents a
conductive ohmic behaviour in Figure A.2a. The inset of Figure A.2b shows the schematics
of the device used. Under 532 nm irradiation (2 W.cm™?), a significant rise in the conductance
is observed, typically by four orders of magnitude see Figure A.2a. The typical responsivity
of the film spans from 200 pPA.W™? to 1 mA.W* depending on the incident power. The
scaling of the photocurrent with the incident light power follows a power law with a 0.64
exponent in Figure A.2b.2* This value is closer to 0.5 expected for bimolecular recombination
(electron-hole recombination through radiative and non-radiative paths) than to the value of 1
which often results from a monomolecular process (trapping) usually observed for metal
chalcogenide NCs.2°> This supports the hypothesis of lower role of surface trapping in these
NCs, as expected for a defect-tolerant material in which trap states are away from the band
gap. We then investigated the temperature dependence of the current see Figure A.2c. Close

to room temperature, the current follows an Arrhenius law, which suggests that transport
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occurs through a hopping process to the nearest neighbour. The associated activation energy
(240 meV) is smaller than half the band gap expected for an intrinsic semiconductor and
could be due to n-type character of our CsPb(Bro.es,l0.35)3 NCs arrays.
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Figure A.2: (a) IV curves of CsPb(Bro.es,lo.35)s NCs film under dark conditions and under
illumination at different light irradiance (A = 532 nm), under ambient atmosphere and at room
temperature over 20 um spaced interdigitated Au electrodes. (b) Current as a function of the
light irradiance (A = 532 nm) for the same film shown in panel (a). The inset shows
schematics of the device used. (c) Current as a function of temperature for a film of
CsPb(Bro.es,lo.35)3 NCs under a voltage of 20 V measured under vacuum and in dark
conditions.

We then investigated time-resolved carrier dynamics at the device scale. This is especially
challenging because of the insulating character of the film. Under dark conditions, film
resistance is typically in the 10 GQ range and this is the crucial difference with respect to
narrower band gap NCs (PbSe NCs) previously probed using a high bandwidth transient
photocurrent setup.?6-?” Measuring fast dynamics in the GHz range requires a special design
where both sample stimulation (pulsed ns laser) and acquisition stage have to be compatible
with the targeted GHz bandwidth of the setup. The experiments are conducted on transparent
electrodes made of ITO so as to avoid any heating effects of the substrate which may lead to

an artificial bolometric photoresponse of the device.

The transient photocurrent in CsPb(Bro.es,lo0.35)3 NCs is extremely fast with a main decay time
of 1.2 ns. Typically, two time constants can be extracted from the decay curve in Figure A.3a,
a fast component of ~1.2 ns and a slower component around 7.3 ns. No long-lived tail is
observed, which is consistent with a limited role of deep surface trap states, contrary to what
has been observed on metal chalcogenide NCs see ref.?® These transient photocurrent
dynamics have to be correlated with the PL dynamics shown in Figure A.lc. In such PL
measurements, electron-hole pairs are generated by the laser pulse and the intra NC decay of

the exciton population is followed. This PL decay is a good probe for the excited state carrier
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density. The fact that similar dynamics are observed using photocurrent experiments suggests
that the current magnitude is actually driven by the photogenerated carrier population of
NCs.? This observation is also consistent with the flux dependence of the photocurrent in
Figure A.2b which implies that the photocurrent generation is limited by bimolecular
recombination. In the current device, the diffusion length can be estimated using an Einstein

pk, T
e

diffusion equation: we found L, =+/Dr = 7 ~58 nm, assuming a mobility of 0.26

cm?V1s recently reported from field effect transistor measurements?® and z = 5 ns from our
photocurrent decay measurements. This is much smaller than the electrode spacing (20 pm).
As a result, only the carriers in the closest vicinity of the electrodes can be collected as all the
other carriers undergo recombination before reaching the electrodes. On the other hand, the
obtained diffusion length value ~60 nm is very close to the length of a perovskite NCs layer

used for solar cells (~200 nm) which explain the recently obtained high power conversion

efficiency.
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Figure A.3: (a) Transient photocurrent signal obtained in a film of CsPb(Bro.es,lo.35)3 NCs at
room temperature. The film is deposited on interdigitated electrodes made of ITO/PET. (b)
Conductivity as a function of the applied electric field under dark condition in the case of
CsPb(Bro.es,lo.3s)3 NCs. The data have been obtained from interdigitated electrodes at low
electric field and from the nanotrench electrodes at high field regime. (c) Responsivity of a
film of CsPb(Bro.ss,lo.35)3 NCs over um spaced interdigitated electrodes and over nanotrench
electrodes.

We finally investigated the effect of electric field on transport, in particular in the high field
regime. To do so, we use nanotrench electrodes where the two electrodes lie 60 nm apart and
have a high aspect ratio (length of 15 pum). Moreover, they present the key advantage of
being built with a high fabrication success ratio (>80%) using only two optical lithography
steps in spite of the sub-wavelength size of the trench.?®> *° To follow the electric field

dependence of the conductance over almost four orders of magnitude, we used pm spaced
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interdigitated electrodes for the low field range and nanotrench electrodes for the high field
range. The fact that the conductivity curves resulting from the two types of electrodes overlap
in Figure A.3b which suggests that the transport mechanism is unchanged. The latter remains
dominated by the nearest neighbour hopping mechanism, which is consistent with the fact
that 4-5 NCs can fit within the nanotrench gap (60 nm). In the low field range, the
conductance of the NCs film is field-independent. On the other hand, above 50 kV.cm™, we
observe a significant rise in the conductance with the applied bias. This threshold corresponds
to an energy drop per NC of ~50 meV, which likely results from the charging energy of the
NC. By applying a large electric field, we are able to inject charges in perovskite NCs more
efficiently and the effect of the electrode structure on photocurrent is quite dramatic. The
responsivity of the film is enhanced by more than a factor 1,000 as we switch from pm
spaced electrodes to nanoscale devices see Figure A.3c. This increase arises from a
combination of (i) an easier charge injection into NCs and (ii) an increase of gain due to the
short inter-electrode spacing. In a photoconductor, the gain is the ratio of the photocarrier
lifetime (~5 ns) over the transit time (the time to go from one electrode to the other). In this
nanotrench geometry, the transit time is reduced by a factor of 300 as compared to pum spaced
electrodes.? 3! Because of the n-type nature of these perovskite NCs, the electron will
recirculate several times during the hole carrier lifetime, leading to photogating,®* and the

observed enhanced photocurrent.®

A.4 Conclusions

By using a combination of DC and time resolved transport measurements, we provide
evidence that the photocurrent of CsPb(Bro.es,lo.ss)s NCs is limited by the fast bimolecular
recombination of the material. This leads to fast recombination of the photogenerated
electron-hole pair which allows for high bandwidth photodetection with time response as
short as 1.2 ns but limits the absolute photoresponse of the film. We then propose to use
nanotrench electrodes to achieve better charge injection at high electric fields and enhanced

the photoresponse by a factor of 1,000.
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Origin of Excitonic Absorption and Emission from Colloidal Ag2S

Nanocrystals

The work presented in this appendix is published under following details. Mir, J. W.;
Swarnkar, A.; Sharma, R.; Katti, A.; Adarsh, V. K.; Nag, A. J. Phys. Chem. Lett., 2015, 6,
3915-3922. Permission is taken for the whole article. Copyright 2015 American Chemical
Society.
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Abstract

Colloidal Ag2S nanocrystals (NCs) typically do not exhibit sharp excitonic absorption and
emission. We first elucidate the reason behind this problem by preparing Ag2S NCs from
nearly mono-disperse CdS NCs employing cation exchange reaction. It was found that the
defect-related mid-gap transitions overlap with excitonic transition blurring the absorption
spectrum. Based on this observation, we prepared nearly defect-free Ag2S NCs starting from
molecular precursors. The defect-free AgzS NCs exhibit sharp excitonic absorption and

emission (quantum yield 20%) in near-infrared (853 nm) region.
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B. 1 Introduction

Monoclinic bulk Ag2S with a direct bandgap 1170 nm (1.06 eV) has been used as infrared
photodetectors, thermo power cells, and luminescence based applications.! Recently,
colloidal Agz2S nanocrystals (NCs) have been synthesized and used as biocompatible near
infrared (NIR) fluorescent probe.?” Ag>S NCs are non-toxic, and therefore, unlike Cd, In and
As based NCs, a polymer coating is not required for Ag2S NCs to mitigate the toxicity.®
However, Ag2S NCs typically do not exhibit sharp excitonic absorption and emission unlike
other systems such as CdSe, CdS, InP, and PbS NCs.? *> 7 %14 Early studies of Brelle et al
suggested Ag2S NCs exhibits indirect bandgap, therefore, do not exhibit excitonic absorption
features.’® Recently, Wang and coworkers’* mentioned “special electronic property” is
responsible for the absence of excitonic transitions in Ag2S NCs. Neither the details of this
special behavior nor the origin of formation of unexpected (since monoclinic bulk Ag2S is a
direct bandgap semiconductor) indirect bandgap semiconductor was proposed. In a rare
occasion, Jiang et al*® showed both excitonic absorption and emission from Ag2S NCs

without explaining its origin.

There can be many possible reasons for not observing excitonic features in absorption
spectrum, for example, (i) small excitonic binding energy, (ii) the ensemble spectrum may get
broadened because of polydispersity in NC size, and (iii) sub-bandgap transitions involving
defect states or capping molecules or impurity phase overlapping with the excitonic
transition. All these possibilities are detrimental for various applications including NIR
luminescence for biological applications, and optical limiters. Other less explored
applications such as photovoltaics and photodetectors using Agz2S NCs also require defect-
free NCs with narrow size distribution. Therefore, understanding the reason behind absence
of both excitonic absorption and emission in Ag2S NCs is important for both fundamental
studies and applications.

In order to address the problem, we prepared Ag.S NCs using two different pathways. First,
Ag2S NCs were prepared from CdS NCs employing postsynthesis cation exchange reaction.
These cation-exchanged AgzS NCs exhibit quantum confinement effect and narrow size-
distribution, but still do not exhibit sharp excitonic absorption because of overlapping defect-
related mid-gap absorption. Based on this learning, we employed a second pathway of
directly preparing AgzS NCs free from mid-gap defect related absorption, and thereby,

observed sharp excitonic absorption and emission from Agz2S NCs.
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B.2 Experimental Section

B.2.1 Cation exchange of CdS NCs to Ag.S NCs

CdS NCs with average diameters in the range of 1.6 nm to 4.1 nm were prepared following
ref.?8 Cation exchange reactions (CdS NCs to AgzS NCs) were carried out by treating dilute
dispersion of CdS NCs in toluene with concentrated methanolic solution of AgNOs (keeping
Cd?*:Ag" ratio of 1:4) at room temperature, following ref.}” Whereas, reverse cation exchange
from Ag2S to CdS NCs was done at elevated temperature around 80-90 °C. A dilute
dispersion of Ag2S NCs in toluene and 0.2 mL trioctylphosphine (TOP) was heated to 80 °C

under inert atmosphere, followed by injection of excess Cd((NO)zs)2 in acetonitrile.

B.2.2 Direct colloidal synthesis of Ag.S NCs from molecular precursors

Direct synthesis of 3-mercaptoproprionic acid (3-MPA) capped Ag2S NCs were carried out
after modifying the synthesis reported in ref.® 0.05 mmol AgNOs and 10 mL ethylene glycol
(EG) were taken in a three-necked round-bottom flask and subjected to vacuum and inert
atmosphere alternatively two to three times along with stirring at room temperature. The flask
was then heated to 100 °C under inert atmosphere with continuous stirring followed by
injection of 1 mL of 3-MPA. A white precipitate was observed, which subsequently become a
clear solution. The reaction temperature was set to different temperatures and time, and the
optimized reaction condition was found to be 145 °C for a reaction time of 10 min exhibiting
sharp excitonic absorption and emission. The product NCs were precipitated and washed
using methanol/ethanol and redispersed in a polar solvent such as DMSO.

B.2.3 Characterization methods

PL and PL decay dynamics using time correlated single photon counting (TCSPC) technique
were recorded using Edinburgh FLS980 instrument employed with liquid nitrogen cooled
NIR PMT detector. PL quantum yield (PLQY) were measured using Indocyanine green as a
reference dye (PLQY in DMSO 12%). UV-visible-NIR absorption spectra of NCs were
recorded using a Perkin Elmer, Lambda-45 UV/Vis/NIR spectrometer. Bruker D8 Advance
X-ray diffaractometer equipped with copper K, (1.54 A) radiation was employed to obtain
powder XRD data.

B.3 Results and discussions
B.3.1 Ag>S NCs from CdS NCs employing cation exchange
In order to understand the effect of size distribution and quantum confinement effect on the

excitonic transitions of AgzS NCs, we employed cation exchange reaction (schematically
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represented in Figure B.1a) to synthesize AgzS NCs from CdS NCs following ref.!” Such
cation exchange reactions are known to retain almost the same size of original NCs with

minor adjustment.*’-18
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Figure B.1: (a) Schematic illustration of reversible cation exchange process, CdS to Agz2S
and back to CdS NCs. (b) UV-visible-NIR absorption spectra of initial CdS NCs (blue), Ag2S
NC (black) obtained after forward cation exchange and regenerated CdS NCs (red) obtained
after reverse cation exchange. Blue and red spectra were normalized at the peak of lowest
energy excitonic transitions. Inset shows XRD patterns of initial CdS NCs and Ag2S NCs
synthesized via cation exchange. (c) PL spectra of Ag2S NCs showing size dependent change
in emission wavelength. (d) Optical absorption spectra of Ag2S-2.6 NCs (synthesized via
cation exchange of 2.6 nm CdS NCs) and subjected to annealing under inert atmosphere
using 1-octadecene as solvent. Spectrum for 140 °C annealing (red color) was shifted
vertically upward for clarity.

Figure B.1b shows a UV-visible-NIR absorption spectrum of CdS NCs exhibiting four sharp
excitonic features confirming narrow size distribution. However, Ag2S NCs obtained after
cation exchange of these CdS NCs exhibit a broad absorption spectrum, without any
excitonic feature. Powder X-ray diffraction (XRD) patterns in the inset of Figure B.1b
confirm the success of this cation exchange reaction. Interestingly, the Ag2S NCs formed can
be reversibly cation exchanged back to CdS, and the final CdS NCs obtained also exhibit
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sharp excitonic features in the absorption spectrum, as shown by the red colored spectrum in
Figure B.1b. This reversible cation exchange (CdS to AgzS to CdS) experiment confirms that
the size and size distribution of NCs remained intact throughout the cation exchange
processes. But, Ag2S NCs obtained through cation exchange of CdS NCs did not exhibit any
excitonic feature, inspite of having narrow size distribution. Therefore, ruling out broad size-
distribution as the possible cause for the absence of excitonic absorption features, let us study
the effect of quantum confinement of charge carriers in Ag2S NCs. For this purpose, different
sizes (1.6, 2.6 and 4.1 nm) of CdS NCs were prepared followed by cation exchange reactions
forming different sizes of Ag2S NCs, termed as AQ2S-1.6, Ag2S-2.6 and Ag2S-4.1 in
remaining part of this appendix. Absorption spectra for AgzS NCs obtained after cation
exchange reactions for all sizes of CdS NCs were broad and featureless similar to that in
Figure B.1b (black spectrum). PL spectra of different sized CdS NCs (data not shown here)
and Ag2S NCs (see Figure B.1c) exhibit the systematic quantum confinement effect with
change in NCs size. All cation exchanged Ag2S NC samples exhibit broad defect-related peak
in the NIR region with PL efficiency < 0.5%.

Cation-exchanged Ag2S NCs exhibits both quantum confinement effect and narrow size-
distribution. So it is unclear why excitonic transition is not observed in absorption spectrum.
There may be other transitions that overlap with excitonic transition. In an attempt to remove
any such non-crystalline defects contributing to the absorption spectrum, we annealed the
colloidal Ag2S NCs dispersed in 1-octadecene (ODE) under inert atmosphere. Interestingly,
Figure B.1d shows that the excitonic peak starts appearing at ~2 eV after annealing at 140 °C.
This mild annealing is neither expected to improve the size distribution nor should it increase
the excitonic binding energy. Therefore, excitonic feature after this mild annealing is because
of improvement in crystallinity through removal of defects.'®?° Further increase in annealing
temperature to 200 °C leads to the segregation of Ag impurity phase, similar to earlier
report.!  Results of cation exchange reaction infer that unwanted defect-related broad
absorption blurs the features of excitonic absorption, and quenches the excitonic emission.
Therefore, a model synthesis of high quality AgzS NCs should mainly target to remove such

defects.

B.3.2 High quality Ag>S NCs with sharp excitonic absorption and emission
There are some inherent differences of AgzS NC system compared to well-known [1-VVI NCs

such as CdS NCs. For example, (i) AgzS has very low solubility product (6 x 10°°!) compared
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to CdS (8 x 1028 and therefore nucleation of Ag2S NCs can become uncontrollably
favorable even at lower temperature, (ii) Ag* ion in AgzS crystal has high ionic mobility
unlike Cd?* in CdS,?? and (iii) Ag* precursors in the reaction mixture have a propensity to
form Ag metal (standard reduction potential, E°ag*/ag = + 0.80 V), whereas, synthesis of CdS
NCs is not known to suffer from such impurity phase (E°%d?*ica = - 0.40 V).2% All these
factors can lead to the formation of detrimental defects in Ag2S NCs. Keeping in mind the
highly reactive formation of AgzS, and high mobility of Ag®, a lower reaction temperature
and less reactive precursors for both Ag* and S? appears to be a rational design for improving
the crystallinity of AgzS NCs. These are probably the reasons why the popular “hot
injection”?* synthesis of colloidal NCs at temperatures ~300 °C, has largely failed to produce
high quality Ag2S NCs. Additionally, since there is possibility of formation of Ag metal,
excess of sulfur precursor will help in the formation of Ag2S NCs. We employed these

reaction conditions for the direct synthesis of Agz2S NCs.
4
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Figure B.2: Temporal evolution of UV-visible-NIR absorption and corresponding PL spectra
of Ag2S NCs synthesized directly from molecular precursors at different reaction
temperatures. (a-b) For reaction carried out at 120 °C, (c-d) reaction carried out at 145 °C,
and (e-f) reaction carried out at 155 to 175 °C.

Figure B.2a shows UV-visible-NIR absorption spectra for Ag2S NCs prepared at 120 °C at
different reaction times. A broad absorption shoulder appears at ~650 nm after 10 minutes of
reaction, followed by emergence of excitonic peak at 800 nm after 20 minutes. Importantly,

significant absorption is observed at wavelengths longer than 850 nm, i.e., at energies lower
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than the optical band gap. This low-energy absorption may arise from defect-related mid-gap
transitions.?® Corresponding PL data in Figure B.2b shows defect-related broad emissions
after 10 min of reaction. Excitonic PL at 858 nm is observed only after 20 minutes of
reaction, along with a more intense defect-related emission at 1088 nm (Figure B.2b). After
60 min, relative intensity of excitonic emission increased compared to defect-related
emission. PL excitation (PLE) spectra (data not shown here) for both 850 and 1088 nm
emission suggest that both emissions originate via excitation of Ag=S NCs, without involving
any separate impurity phase. These results suggest that, the reaction was slow at 120 °C,
where mid-gap defects dominates the absorption and PL data till 20 minutes of reaction, after
which excitonic peak starts appearing but the mid-gap defect states are present even after 60

minutes of reaction.

Consequently, we increased the reaction temperature to 145 °C. Figure B.2c-d shows that the
excitonic absorption at 800 nm and emission at 853 nm appears as early as 10 min for
reaction carried out at 145 °C. Importantly, defect-related absorption tail at longer wavelength
(>850 nm) is absent, which leads to the rare observation of sharp excitonic absorption and
emission from Ag2S NCs. A high PL efficiency ~20% is also observed for this optimized
sample. Please note that, it is more difficult to achieve high PL efficiency in NIR region than
in visible region. As the reaction time increases, the PL efficiency decreases as shown in the
inset of Figure B.2d. A reaction temperature higher than 145 °C is not suitable for both
excitonic absorption and emission as shown in Figure B.2e-f. Therefore, 145 °C is the
optimized reaction temperature for the synthesis of these colloidal Ag2S NCs. Please note
that, Figure B.1d also suggested optimum temperature ~140 °C is helping to anneal out
defects from cation-exchanged Ag2S NCs. Higher temperatures may lead to the starting of
partial segregation of Ag phase.?*

We also note that a very high molar ratio of 3-MPA with respect to Ag" concentration is
maintained to obtain high quality AgzS NCs. 3-MPA acts both as S-precursor and capping
ligand. A higher concentration of 3-MPA inhibits formation of Ag° impurities. Another
important chemical used in the synthesis is EG. When reaction was carried out in the absence
of EG by mixing AgNOs and 3-MPA in dimethyl sulphoxide (DMSO), the formation of Ag2S
NCs was too fast even at a low temperature of 70 °C (data not shown here). Such fast and
low-temperature reaction conditions leads to AgzS NCs with a high density of mid-gap
defects. Compared to 70°C, reaction at 145 °C give high quality sample with minimum

number of defects in our optimized reaction.

148



Appendix B

3

104 Bl (@ Reaction at 145 °C 10 (b) Reaction @120 °C
: for 10 min for 10 minutes
%) 8 iaqi .
2 g\ Emission@855nm| Emission @1088 nm ol ‘ydefects
= 3% S Ny
S 8 W 3 Emission @858 nm —
510° N\ 010 2
6 § . A 8 clv o
< o . o ole |&l e
o 0 N < =2l 1ol ©
. : o, . o ol [ =)
. O 0 D x| k=l e
o Experiment xS L é A
— Fit V
10’ 0 10 20 30 40 10 0 50 100 150 A4
Time (ns) Time (ns) NC ground state

Figure B.3: PL decay dynamics of AgzS NCs, (a) reaction at 145 °C for 10 minutes, (b)
reaction at 120 °C or 10 minutes. (c) Schematic illustration of possible electronic absorption
and emission pathways in Ag2S NCs. Mid-gap defects in Ag2S blurs excitonic absorption and
quenches excitonic emission. Removal, of such mid-gap defects resulted into excitonic
absorption and emission for our optimized Ag2S NCs.

Figure B.3a shows that the PL decay dynamics of optimized Ag2S NCs (reaction temperature
= 145 °C, reaction time = 10 min). The decay can be fitted with bi-exponential decay with
lifetimes ~1 ns and 11 ns. The shorter lifetime (~1 ns or less) is typically attributed to non-
radiative decay, and we attribute the lifetime ~11 ns to radiative excitonic recombination.
This is a unique observation, since all prior reports of Ag2S NCs showed decay with a
significant contribution from longer lifetime component > 50 ns, and which can even extend
up to hundreds of ns.!? 14 This faster decay of our Ag2S NCs is the characteristic of excitonic
emission, whereas, prior reports measured lifetime of defect-related emission. In Figure B.3b,
we present lifetime data of one of our sample that exhibit both excitonic emission and defect-
related emission in Ag=S NCs for reaction at 120 °C, 10 minutes time. Clearly, defect-related
emission has the longer lifetime component, whereas, PL decay of excitonic emission of the

same sample is significantly faster.

Figure B.3c schematically summarizes the discussion regarding excitonic transition and
defects in Ag2S NCs. Unlike I1-VI semiconductor NCs, mid-gap defects in Ag2S NCs exhibit
significant absorption. The exact nature of these defect states that obliterate excitonic feature
from absorption spectrum of Ag2S NCs is not yet known. Surface capping of our Ag2S NCs
remains same for all samples, but some optimized samples do not exhibit defect-related
absorption, whereas, other samples show significant defect-related absorption. These results
suggest that defects exhibiting mid-gap absorption might be located inside the lattice itself.
Compared to surface-defects, a lattice-defect is expected to have a better spatial overlap with
the delocalized valence and conduction band electronic wavefunctions, therefore, can exhibit

a higher transition probability involving localized lattice-defect and delocalized valence
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and/or conduction band.!%-2% 2° pPoint defects in the lattice of Ag2S NCs can arise from Ag*
vacancy/interstitial, because of high ionic diffusion capability of Ag*.? 27 Possibility of any
other kinds of crystal defects cannot be ignored at present. So, we speculate that the lattice
defect is the primary cause of not observing excitonic absorption and emission in Ag2S NCs
and our optimized reaction conditions leads to better crystallinity of Ag2S NCs removing
unwanted lattice-defects, which in turn exhibit sharp excitonic absorption and emission.

B.4 Conclusions

Apart from narrow size distribution, removal of mid-gap defects is an important criterion for
observing sharp excitonic absorption in colloidal Ag2S NCs, which are more prone to form
lattice defects compared to other semiconductors NCs such as CdS, CdSe, and PbS. These
defects in Ag2S NCs lead to broad absorption that overlap with excitonic transitions blurring
the excitonic absorption, and quenches the excitonic PL. After realizing that the mid-gap
states arising from lattice-defects are the major problem, defect-free colloidal Ag2S NCs (4.5
nm diameter) were prepared starting from molecular precursors. These defect-free Agz2S NCs
exhibit sharp NIR excitonic absorption at 800 nm and excitonic PL at 858 nm. High PL
efficiency (~20%) was observed for the NIR emission along with fastest PL decay (two

lifetimes, nonradiative ~1 ns and radiative 11 ns) is reported so far in case of Ag=S NCs.
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Doping in novel defect tolerant CsPbXs (X = ClI, Br, I) perovskite Nanocrystals (NCs)
CsPbX3 perovskite nanocrystals (NCs) recently emerged as the solution processed
semiconductors showing impressive optoelectronic properties. In 2015, the first report
suggested significant defect tolerant character in optical properties of CsPbX3 NCs despite
having high surface to volume ratio.! For example, 90% PL quantum yield (PLQY) of
CsPbX3 perovskite NCs without making core-shell type surface passivation is remarkable.!
The defect tolerant character in these CsPbX3 perovskite NCs is a newer direction to design
novel semiconductors for optoelectronic applications. On the other hand, doping is an
established strategy to tailor optical and electronic properties of semiconductor NCs.? We,
therefore, doped Mn?* and Yb®" in defect tolerant CsPbXs NCs to tailor optical functionality.
Apart from introducing new optical functionality, another aspect of doping has been explored
where Mn-doping in CsPbX3 NCs improves structural stability.®*

In prior literature, trivalent lanthanide (Ln®*") doping is mostly explored in wide band gap
insulators such as oxides and fluorides.® This is because Ln3* prefers octahedral or higher
coordination and semiconductors like Si, II-11I, and [1I-V typically have tetrahedral
coordination. Therefore successful incorporation of Ln®* into the lattice of a semiconductor
remained challenging. Interestingly, the octahedral coordination of Pb?" cation in CsPbXs
perovskite NCs is unique unlike tetrahedral coordination environment in other
semiconductors. This aspect makes CsPbX3 perovskite NCs as the novel semiconductor hosts

for lanthanide (Ln**) dopants.

Therefore, the thesis addresses synthesis challenge and optical properties of Mn- and Yb-
doped CsPbXs perovskite NCs. The idea was to combine the impressive properties of defect
tolerant CsPbXs perovskite NCs with dopant properties. Mn- and Yb-doping in CsPbXs
perovskite NCs introduces new luminescence channel at ~586 nm and ~990 nm respectively.
Both the dopant emissions are significantly red shifted from absorption spectra of host NCs.
This red shifted Mn- and Yb-emission are free from radiative losses such as self-absorption
or non-radiative losses like Forster resonance energy transfer (FRET). The losses become
critical when NCs are closely packed in films close to device geometry and therefore cannot
be afforded in a real optoelectronic device. Thus, the Mn- nand Yb- emission have
tremendous scope in light emitting diodes (LEDs),® luminescent solar concentrators (LSCs),’
and to boost external quantum efficiency of Si solar cells below 450 nm.® Also both Mn?* and
Yb3 ions have magnetic moments and can introduce magnetic character in the doped

CsPbX3 NCs due to exchange interactions of dopant with the carrier of host. The strength of
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this dopant-carrier interaction increases as the quantum confinement increases. This aspect
makes doping more desirable in NCs under strong quantum confinement regime, but this

aspect is not much explored in this thesis.

One important problem is that, optoelectronically active black phase of CsPbls NCs has
limited stability in ambient conditions at room temperature. In chapter 4, we show that
postsynthesis Mn-doping in CsPblz NCs improves the stability of black phase at room
temperature in ambient atmosphere (relative humidity ~30%) for about a month.
Consequently, Mn-doped CsPbls NCs with improved stability can be explored in solar cells
and LEDs in ambient conditions. More importantly the role of Mn-doping in stabilizing both

surface and lattice energies has been understood.

Pb-free TIX (X =Br, 1) NCs

The defect tolerance in CsPbX3 perovskite NCs gave rise to the curiosity to search for Pb-free
defect tolerant metal halide NCs. TI* is isoelectronic to Pb?*. Also the valence electronic
structure of TIX is similar to that of CsPbXs. Therefore, we got motivated to prepare TIX
NCs and studied their optoelectronic properties. Overall, TIX is found to be a good
optoelectronic material in UV-blue region of electromagnetic spectrum, but toxicity of Tl is a

concern for real life application.

Methodology development

In order to address the doping challenge in CsPbXs (X = ClI, Br, I) perovskite NCs, we have
designed one pot synthesis strategy in chapter 2 to dope Mn?* in CsPbCls nanoplatelets
(NPLs). But the same one pot synthesis failed to dope Mn in narrower band gap CsPbBr3
perovskite NCs. Therefore, in chapter 3 we designed novel postsynthesis strategy to dope Mn
and Yb in all compositions of CsPbX3 (X = Cl, Br, 1) NCs. Although Mn-doping in CsPblz
NCs is not expected to introduce new optical functionality but our target was to stabilize the
black phase of CsPbls NCs. The controlled experimental studies on stability of black phase
CsPbls NCs upon doping Mn is addressed in chapter 4. Finally, synthesis challenge of TIX
NCs is addressed in chapter 5 to design Pb-free defect tolerant NCs.

Relevance of the results

We reported first time Mn?* doping in CsPbCls NPLs. The thickness of NPLs is about 2.3
nm, exhibiting strong quantum confinement effect. This quantum confinement is expected to
significantly enhance dopant-carrier interaction, compared to two prior reports,®° where

Mn?* is doped in CsPbCls nanocubes with edge length longer than excitonic Bohr diameter.
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Our report on Mn-doped CsPbCls NPLs opens up new opportunity to explore dopant-carrier
interaction such as light or electrical bias induced magnetization in Mn-doped CsPbClz
perovskite NPLs. Our present finding show that Mn-doping in CsPbCls NPLs introduces Mn-
emission at ~586 nm with maximum PLQY ~20% for 0.8% Mn-dopant concentration and

longer lifetime of 1.6 ms.

On the other hand one pot synthesis of Mn-doped CsPbBrs NCs is challenging. To address
this challenge we introduced novel postsynthesis strategy in chapter 3 to dope Mn in CsPbBr3
NCs. Different shapes of CsPbBrs NCs were doped with Mn?*, mainly to study the effect of
quantum confinement changing the bang gap on dopant emission. Our present findings show
that changing optical band gap upon tuning quantum confinement affects the Mn-emission of
Mn-doped CsPbBrz NCs. Mn-doped CsPbBrs NCs with band gap > 490 nm or < 2.53 eV
resulted in absence of Mn-emission at room temperature. This is due to thermally activated
back energy transfer from dopant to host which quenches the Mn-emission at room
temperature. The back energy transfer can be suppressed leading to Mn-emission by
increasing optical gap through quantum confinement effect or measuring PL at lower
temperature (< 225 K). On the other hand, Yb-doping introduce near-infrared (NIR) emission
~990 nm (1.25 eV) in all composition of CsPbXs (X = ClI, Br, I) perovskite NCs including
different shapes. These Yb-doped CsPbXs NCs have potential scope in NIR LEDs, sensors

and lasing.

Apart from introducing new optical functionality, chapter 4 shows that Mn-doping in CsPbls
NCs can improve stability of desired black phase for about a month at room temperature with
relative humidity ~30%. The results were obtained based on our postsynthesis doping
strategy which is beyond experimental uncertainties unlike prior reports.>* This postsynthesis
doping in CsPbls NCs allowed us to study the role of both surface and lattice contribution,
improving the stability of black phase of CsPbls NCs. The improved stability of black phase
Mn-doped CsPblz NCs can be directly explored for solar cell or LED performance. Such
solar cells or LEDs should mainly target stability aspect of device under continuous

operation.

Another perspective addressed is complete substitution of Pb?* with different metal ion and
design of new defect tolerant semiconductor NCs. For this purpose, Pb-free TIX NCs are
synthesized for the first time in chapter 5. Our TIX NCs show PL at room temperature unlike
bulk TIX with a short PL decay lifetime in the range of 4 - 12 ns. Reasonable good PLQY
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numbers in the range of 4 - 10% in UV-blue region of electromagnetic spectrum are
observed. Interestingly, terahertz (THz) carrier dynamics revealed high carrier mobilities and
diffusion lengths suggesting defect tolerant nature of our TIX NCs. These TIX NCs can be
explored for lasing in UV-blue region of electromagnetic spectrum. High toxicity of TI must
be considered before handling these TIX NCs.

Future directions

Magneto-optical properties of Ln3* (Ln3" = Tb®, Dy*, Ho%, Er®) doped CsPbXs
perovskite NCs

So far, magneto-optical properties have been explored in transition metal ion doped
semiconductor NCs.**® For example Mn?* doped CdSe NCs show Zeeman splitting of
excitonic PL at low temperatures ~4 K at zero external magnetic fields due to dopant-carrier
exchange interactions.** Mn?* ion with net magnetic moment corresponding to five unpaired
electrons splits excitonic PL of CdSe NC (see Figure 1.4a-b in the introduction chapter), but
poor signal to noise ratio signifies weaker exchange interactions.** Similarly, light or
electrical bias induced magnetization in Mn-doped CdSe or CdSe/CdS core/shell NCs
respectively were pronounced at low temperature upto 50 K.'213 These observations suggest
weaker dopant-carrier exchange interactions which become pronounced at only lower

temperatures.

exchange field

S EMP /\/I/\/"i;kes EMP

|T electroluminescence

Figure 1: (a) Schematics showing principle of exciton-magnetic polaron (EMP) formation
through electrical biasing in a single NC doped with magnetic ions. Initially magnetic
moments are randomly organized and upon injecting electron and hole in NC across two
ends, exciton formation takes place. Exchange interaction (Bexc) of excitons and magnetic
moments of dopant ions result into net overall magnetic moment in absence of external
magnetic field. Photon emission during or after EMP formation is red shifted compared to
excitonic emission by energy difference of (Eemp) and increases with decrease in temperature.
This emission (electroluminescence in above case) can be used as probe to see this EMP
formation. The figure has been reprinted with permission from ref. 12. Copyright 2017
American Chemical Society.

One way to enhance these dopant-carrier interactions is choosing magnetic dopant with
higher magnetic moment than that of Mn?*ion. Ln®** based dopants, where Ln** = Tb%*, Dy**,
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Ho3*, and Er®* are ideal choices which have magnetic moment per ion nearly double than
transition metal based Mn?* ion. But tetrahedral coordination environment in semiconductor
host such as CdSe, GaAs, and Si makes Ln** doping challenging in these hosts. Interestingly,
the octahedral coordination requirement of Ln* is well satisfied by CsPbXs perovskite
semiconductors. Therefore, one direct future outlook is to examine the magneto-optical
properties of Ln®* doped CsPbXs perovskite semiconductor NCs with scope of stronger
exchange interaction compared to Mn-doped CdSe NCs. For example, Figure 1 schematically
shows the principle of electrical bias induced magnetization in magnetic ion doped NC.
Initially magnetic moments of dopant ion are aligned in random direction with zero net
moment of magnetization. Injecting electron and hole across two electrodes leads to
formation of excitons see middle schematics in Figure 1. Light can also be used rather than
electrical bias to generate the excitons. Exchange interaction (Bexc) of excitons with magnetic
dopants then aligns magnetic moments of all dopants in one direction resulting into non-zero
net magnetic moment in NC (see right schematics in Figure 1). This interaction between
exciton and magnetic dopant leads to the exciton magnetic polaron (EMP) formation. During
or after EMP formation takes place, photon emission (electroluminescence in case of
electrical biasing) can occur. Emission involving formation of EMP is red shifted in energy
compared to excitonic emission by a difference of EMP formation energy (Eemp). Also, the
red shift increases by decreasing temperature. Thus, electroluminescence emission energy as
a function of temperature can be used as the probe to examine this EMP formation. It has
been observed in Mn?* doped CdSe/CdS core/shell NCs that maximum energy gained in
completely aligning all ensemble Mn?** moments with exchange fields (E5%) is 14 meV and
is less than room temperature ~25 meV.!2 This E5%, energy is expected to be higher with the
combination of Ln** based magnetic dopants and CsPbXs perovskite NCs based host. Strong
quantum confinement in Ln®*" doped CsPbXs NCs will be desired to further increase the
dopant-carrier exchange interactions. Overall, CsPbXs perovskite NCs doped with Ln*" based
magnetic dopants have scope of exhibiting stronger dopant-carrier exchange interactions and
need to be explored. One can quickly realize the efficacy of Ln®* based magnetic ion
interaction with charge carrier of doped CsPbXs perovskite NCs and their practical

implication in spintronics or solotronics devices.!

Yb-doped CsPbXs perovskite for future NIR laser, sensors
Yb** doping in CsPbX3 perovskite NC host has seen tremendous success in terms of high

PLQY observed for NIR Yb-emission. Prior report on Yb3" doping in CsPbCls perovskite
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NCs and another recent report on CsPb(Cl:xBrx)s peovskite thin films suggest Yb-emission
PLQY in the range of 135-190% in NIR region (~990 nm) through quantum cutting
phenomenon.’® Thus, one can explore these Yb-doped CsPbXs perovskite/NCs for near-
infrared LEDs and proximity or ON/OFF sensors benefitting from this quantum cutting

phenomenon.
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